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Preface

The first edition of Netter’s Cardiology was an effort to present 
to clinicians the ever-increasing amount of medical information 
on cardiovascular diseases in a concise and highly visual format. 
The challenge that clinicians face in “keeping up” with the 
medical literature has continued to grow in the 5 years since the 
first edition of Netter’s Cardiology. This need to process the ever-
expanding medical information base and apply new findings to 
the optimal care of patients is acute in all areas of medicine, but 
perhaps it is most challenging in disciplines that require practi-
tioners to understand a broad spectrum of evidence-based medi-
cine, such as the field of cardiovascular diseases. The explosion 
of medical knowledge is also a very real educational issue for 
learners at all levels—students, residents, practicing physicians—
who must rapidly determine what is and is not important, orga-
nize the key information, and then apply these principles 
effectively in clinical settings.

For the second edition of Netter’s Cardiology, our goal was 
to produce an improved text that keeps these issues in clear 
focus and also addresses important clinical areas that were  
not well covered in the first edition or in many other cardiol-
ogy texts. To accomplish this expansion while maintaining a 
concise text that could be used as a ready reference, we again 
avoided exhaustive treatment of topics. We also have made 
every effort to present the essential information in a reader-
friendly format that increases the reader’s ability to learn the 
key facts without getting lost in details that can obfuscate the 
learning process.

After a careful review of reader comments about the first  
edition, we made some substantial changes to achieve our  
educational goals. Chapters were added and topics expanded to 
address reader concerns about the lack of coverage of a number 
of important topics commonly encountered in clinical practice. 
Examples include these new chapters: Chest Radiography, 
Echocardiography, Stress Testing and Nuclear Imaging, Car-
diac Computed Tomography and Magnetic Resonance Imaging, 
Left and Right Heart Catheterization, Identifying the Patient at 
High Risk for Acute Coronary Syndrome: Plaque Rupture and 
“Immediate Risk,” Cardiogenic Shock after Myocardial Infarc-
tion, Stress-Induced Cardiomyopathy, Supraventricular Tachy-
cardia, Sleep Disorders and the Cardiovascular System, 
Cardiovascular Toxicity of Noncardiac Medications, and Sudden 
Cardiac Death in Athletes. The chapter subheadings of “Opti-
mum Treatment” and “Avoiding Treatment Errors” are new 
additions that address concerns about therapeutic errors that can 

lead to patient harm. We also added boxes and algorithms that 
provide in an easy-to-read format quick overviews of critical 
diagnostic and therapeutic information covered in the text. (See 
the sample algorithm on the following page.) References are 
annotated in the second edition of Netter’s Cardiology to guide the 
reader to a more in-depth review, if considered necessary. As in 
the first edition, the contributing authors have taken advantage 
of the genius of Frank Netter by carefully selecting the best of 
his artwork to illustrate the most important clinical concepts 
covered in each chapter. When Netter artwork was unavailable 
or difficult to apply to illustrate modern clinical concepts, we 
again utilized the great artistic talents of Carlos A. G. Machado, 
MD, to create new artwork or to skillfully edit and update some 
of Frank Netter’s drawings. The combination of Dr. Machado’s 
outstanding skills as a medical artist and his knowledge of the 
medical concepts being illustrated was an invaluable asset. 

As in the first edition, we chose to use authors from the 
University of North Carolina School of Medicine at Chapel 
Hill or those with close ties to the university. This allowed us 
to select authors who are clinical authorities, many of whom 
are also well known for their national and international contri-
butions. All have active clinical practices that require daily use 
of the information covered in their chapters, and all are well 
aware of the approach to patient management utilized by their 
peers at other institutions and in other practice settings. Many 
of the contributing authors of the first edition have continued 
on as second-edition authors and have provided updates. Each 
author, whether a previous contributor or not, was given  
clearly defined guidelines that emphasized the need to distill 
the large amount of complex information in his or her field and 
to present it concisely in a carefully prescribed format main-
tained across all chapters. The result is a text that is truly clini-
cally useful and less of a compendium than is commonly the 
case in many medical texts.

We believe that the changes we have made in the second 
edition substantially improve Netter’s Cardiology and ensure that 
it will continue to be a highly useful resource for all physicians, 
both generalists and subspecialists, who need to remain current 
in cardiology—from trainees to experienced practitioners. 
Whether we have succeeded will obviously be determined by 
our readers. Based on our experience with the revision of  
the first edition, we welcome the comments, suggestions, and 
criticisms of readers that will help us improve future editions of 
this work.
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Algorithms have been color coded for quick reference.

Clinical findings associated with renal artery stenosis

Algorithm for Evaluating Patients in Whom
Renal Artery Stenosis Is Suspected

Renal artery stenosis present Renal artery stenosis absent

Bilateral renal artery
stenosis present

Present

Consider revascularization

Noninvasive evaluation
(duplex ultrasonography of renal

arteries, magnetic resonance
angiography, or computed
tomographic angiography)

Follow clinically
Treat risk factors

Follow clinically
Treat risk factors

Follow clinically
Treat risk factors

Nuclear imaging
to estimate fractional
flow to each kidney

Unilateral renal artery
stenosis and asymmetric

perfusion present

Unilateral renal artery
stenosis and symmetric

perfusion present

Absent

Orange � test

Blue � all other

Green � treatment options
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a surgical practice in 1933, but he ultimately opted to give up 
his practice in favor of a full-time commitment to art. After 
service in the United States Army during World War II, Dr. 
Netter began his long collaboration with the CIBA Pharmaceu-
tical Company (now Novartis Pharmaceuticals). This 45-year 
partnership resulted in the production of the extraordinary col-
lection of medical art so familiar to physicians and other medical 
professionals worldwide.

In 2005, Elsevier Inc. purchased the Netter Collection  
and all publications from Icon Learning Systems. Now  
over 50 publications featuring the art of Dr. Netter are avail-
able through Elsevier Inc. (in the United States: www.
us.elsevierhealth.com/Netter; outside the United States: www.
elsevierhealth.com).

Dr. Netter’s works are among the finest examples of the use 
of illustration in the teaching of medical concepts. The 13-book 
Netter Collection of Medical Illustrations, which includes the 
greater part of the more than 20,000 paintings created by Dr. 
Netter, has become one of the most famous medical works ever 
published. The Netter Atlas of Human Anatomy, first published 
in 1989, presents the anatomic paintings from the Netter Col-
lection. Now translated into 16 languages, it is the anatomy atlas 

of choice among medical and health professions students the 
world over.

The Netter illustrations are appreciated not only for their 
aesthetic qualities but, more importantly, for their intellectual 
content. As Dr. Netter wrote in 1949, “clarification of a subject 
is the aim and goal of illustration. No matter how beautifully 
painted, how delicately and subtly rendered a subject may be, it 
is of little value as a medical illustration if it does not serve to 
make clear some medical point.” Dr. Netter’s planning, concep-
tion, point of view, and approach are what inform his paintings 
and what makes them so intellectually valuable.

Frank H. Netter, MD, physician and artist, died in 1991.
Learn more about the physician–artist whose work has 

inspired the Netter Reference Collection: www.netterimages.
com/artist/netter.htm.

Carlos A. G. Machado, MD
Carlos A. G. Machado was chosen by Novartis to be Dr. Net-
ter’s successor. He continues to be the main artist who contrib-
utes to the Netter Collection of Medical Illustrations.

Self-taught in medical illustration, cardiologist Carlos A. G. 
Machado has contributed meticulous updates to some of Dr. 
Netter’s original plates and has created many paintings of his 
own in the style of Netter as an extension of the Netter Collec-
tion. Dr. Machado’s photorealistic expertise and his keen insight 
into the physician–patient relationship inform his vivid and 
unforgettable visual style. His dedication to researching each 
topic and subject he paints places him among the premier 
medical illustrators at work today.

Learn more about his background and see more of his art at: 
www.netterimages.com/artist/machado.htm.
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1 

The History and Physical Examination

Marschall S. Runge, E. Magnus Ohman, and George A. Stouffer

T he ability to determine whether disease is present or 
absent—and how that patient should be treated—is the 

ultimate goal for clinicians evaluating patients with suspected 
heart disease. Despite the number of diagnostic tests available, 
never has the importance of a careful history and physical exami-
nation been greater. Opportunities for error in judgment are 
abundant, and screening patients for coronary risk using a broad 
and unfocused panel of laboratory and noninvasive tests can lead 
to incorrect diagnoses and unnecessary testing. Selection of the 
most appropriate test and therapeutic approach for each patient 
is based on a skillfully performed history and physical examina-
tion. Furthermore, interpretation of any test results is based on 
the prior probability of disease, which again is based on the 
history and physical. While entire texts have been written on 
cardiac history and physical examination, this chapter specifi-
cally focuses on features of the cardiac history and the cardio-
vascular physical examination that help discern the presence or 
absence of heart disease.

THE ConCEPT of Prior ProbabiliTy

The history and physical examination should allow the clinician 
to establish the prior probability of heart disease—that is, the 
likelihood that the symptoms reported by the patient result from 
heart disease. A reasonable goal is to establish a patient’s risk of 
heart disease as “low,” “intermediate,” or “high.” One demon-
stration of this principle in clinical medicine is the assessment 
of patients with chest pain, in which the power of exercise stress 
testing to accurately diagnose coronary heart disease (CHD) 
depends on the prior probability of disease. In patients with a 
very low risk of CHD based on clinical findings, exercise stress 
testing resulted in a large number of false-positive test results. 
Because up to 15% of exercise stress tests produce positive 
results in individuals without CHD, use of this test in a low-risk 
population can result in an adverse ratio of false-positive to 
true-positive test results and unnecessary cardiac catheteriza-
tions. Conversely, in patients with a very high risk of CHD 
based on clinical findings, exercise stress testing can result in 
false-negative test results—an equally undesirable outcome, 
because patients with significant coronary artery disease (CAD) 
and their physicians may be falsely reassured that no further 
evaluation or treatment is necessary.

Emphasis is increasing on quantifying prior probability to an 
even greater degree using various mathematical models. This is 
a useful approach in teaching and may be clinically feasible in 
some diseases. However, for the majority of patients with sus-
pected heart disease, categorizing risk as low, intermediate, and 
high is appropriate, reproducible, and feasible in a busy clinical 
practice. Therefore, obtaining the history and physical examina-
tion represents a key step before any testing, to minimize use of 
inappropriate diagnostic procedures.

THE HisTory

A wealth of information is available to clinicians who carefully 
assess the patient’s history. Key components are assessment  
of the chief complaint; careful questioning for related, often 
subtle symptoms that may further define the chief complaint; 
and determination of other factors that help categorize the  
likelihood of disease. Major symptoms of heart patients  
include chest discomfort, dyspnea, palpitations, and syncope or 
presyncope.

Chest Discomfort

Determining whether chest discomfort results from a cardiac 
cause is often a challenge. The most common cause of chest 
discomfort is myocardial ischemia, which produces angina pec-
toris. Many causes of angina exist, and the differential diagnosis 
for chest discomfort is extensive (Box 1-1). Angina that is repro-
ducible and constant in frequency and severity is often referred 
to as stable angina. For the purposes of this chapter, stable angina 
is a condition that occurs when CAD is present and coronary 
blood flow cannot be increased to accommodate for increased 
myocardial demand. However, as discussed in Chapters 12 
through 14, there are many causes of myocardial ischemia, 
including fixed coronary artery stenoses and endothelial dys-
function, which leads to reduced vasodilatory capacity.

A description of chest discomfort can help establish whether 
the pain is angina or of another origin. First, characterization 
of the quality and location of the discomfort is essential (Fig. 
1-1). Chest discomfort because of myocardial ischemia may be 
described as pain, a tightness, a heaviness, or simply an uncom-
fortable and difficult-to-describe feeling. The discomfort can be 
localized to the mid-chest or epigastric area or may be charac-
terized as pain in related areas, including the left arm, both arms, 
the jaw, or the back. The radiation of chest discomfort to any 
of these areas increases the likelihood of the discomfort being 
angina. Second, the duration of discomfort is important, because 
chest discomfort due to cardiac causes generally lasts minutes. 
Therefore, pain of very short duration (“seconds” or “moments”), 
regardless of how typical it may be of angina, is less likely to be 
of cardiac origin. Likewise, pain that lasts for hours, on many 
occasions, in the absence of objective evidence of myocardial 
infarction (MI), is not likely to be of coronary origin. Third, the 
presence of accompanying symptoms should be considered. 
Chest discomfort may be accompanied by other symptoms 
(including dyspnea, diaphoresis, or nausea), any of which 
increase the likelihood that the pain is cardiac in origin. However, 
the presence of accompanying symptoms is not needed to define 
the discomfort as angina. Fourth, factors that precipitate or 
relieve the discomfort should be evaluated. Angina typically 
occurs during physical exertion, during emotional stress, or in 
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other circumstances of increased myocardial oxygen demand. 
When exercise precipitates chest discomfort, relief after cessa-
tion of exercise substantiates the diagnosis of angina. Sublingual 
nitroglycerin also relieves angina, generally over a period of 
minutes. Instant relief or relief after longer periods lessens the 
likelihood that the chest discomfort was angina.

Although the presence of symptoms during exertion is 
important in assessing CHD risk, individuals, especially seden-
tary ones, may have angina-like symptoms that are not related 
to exertion. These include postprandial and nocturnal angina or 
angina that occurs while the individual is at rest. As described 
herein, “rest-induced angina,” or the new onset of angina, con-
notes a pathophysiology different from effort-induced angina. 
Angina can also occur in persons with fixed CAD and increased 
myocardial oxygen demand due to anemia, hyperthyroidism, or 
similar conditions (Box 1-2). Angina occurring at rest, or with 
minimal exertion, may denote a different pathophysiology, one 

involving platelet aggregation and clinically termed “unstable 
angina” or “acute coronary syndrome” (see Chapters 13 and 14).

Patients with heart disease need not present with chest pain 
at all. Anginal equivalents include dyspnea during exertion, 
abdominal discomfort, fatigue, or decreased exercise tolerance. 
Clinicians must be alert to and specifically ask about these symp-
toms. Often, a patient’s family member or spouse notices subtle 
changes in endurance in the patient or that the individual no 
longer performs functions that require substantial physical 
effort. Sometimes patients may be unable to exert themselves 
due to comorbidities. For instance, the symptoms of myocardial 
ischemia may be absent in patients with severe peripheral vas-
cular disease who have limiting claudication. One should also 
be attuned to subtle or absent symptoms in individuals with 
diabetes mellitus (including type 1 and type 2 diabetes), a “coro-
nary risk equivalent” as defined by the Framingham Risk 
Calculator.

When considering the likelihood that CHD accounts for a 
patient presenting with chest discomfort or any of the afore-
mentioned variants, assessment of the cardiac risk factor profile 
is important. The Framingham Study first codified the concept 
of cardiac risk factors, and over time, quantification of risk using 
these factors has become an increasingly useful tool in clinical 
medicine. Cardiac risk factors determined by the Framingham 
Study include a history of cigarette smoking, diabetes mellitus, 
hypertension, or hypercholesterolemia; a family history of CHD 
(including MI, sudden cardiac death, and first-degree relatives 
having undergone coronary revascularization); age; and sex 
(male). Although an attempt has been made to rank these risk 
factors, all are important, with a history of diabetes mellitus 
being perhaps the single most important factor. Subsequently, 
a much longer list of potential predictors of cardiac risk has been 
made (Box 1-3). An excellent, easy-to-use model for predicting 
risk is the Framingham Risk Calculator, as described in the 
Adult Treatment Panel III guidelines from the National Heart, 
Lung and Blood Institute (see “Evidence” section).

Symptoms suggestive of vascular disease require special 
attention. Peripheral vascular disease may mask CHD, because 
the individual may not be able to exercise sufficiently to provoke 
angina. A history of stroke, transient ischemic attack, or athero-
embolism in any vascular distribution is usually evidence of 
significant vascular disease. Sexual dysfunction in men is not an 
uncommon presentation of peripheral vascular disease. The 
presence of Raynaud’s-type symptoms should also be elicited, 
because such symptoms suggest abnormal vascular tone and 
function, and increase the risk that CHD is present.

Determining whether the patient has stable or unstable 
angina is as important as making the diagnosis of angina. Stable 
angina is important to evaluate and treat, but does not neces-
sitate emergent intervention. Unstable angina, or acute coro-
nary syndrome, however, carries a significant risk of MI or death 
in the immediate future. The types of symptoms reported by 
patients with stable and unstable angina differ little, and the risk 
factors for both are identical. Indeed, the severity of symptoms 
is not necessarily greater in patients with unstable angina, just 
as a lack of chest discomfort does not rule out significant CHD. 
The important distinction between stable and unstable coronary 
syndromes rests in whether the onset is new or recent and/or 
progressive (e.g., occurring more frequently or with less 

box 1-1 Differential Diagnosis of Chest Discomfort

Cardiovascular

Ischemic
• Hyperthyroidism
• Tachycardia (e.g., atrial fibrillation)
• Coronary spasm
• Coronary atherosclerosis (angina pectoris)
• Acute coronary syndrome
• Aortic stenosis
• Hypertrophic cardiomyopathy
• Aortic regurgitation
• Mitral regurgitation
• Severe systemic hypertension
• Severe right ventricular/pulmonary hypertension
• Severe anemia/hypoxia

Nonischemic
• Aortic dissection
• Pericarditis
• Mitral valve prolapse syndrome: autonomic dysfunction

Gastrointestinal

• Gastroesophageal reflux disease
• Esophageal spasm
• Esophageal rupture
• Hiatal hernia
• Cholecystitis

Pulmonary

• Pulmonary embolus
• Pneumothorax
• Pneumonia
• Chronic obstructive pulmonary disease
• Pleurisy

neuromusculoskeletal

• Thoracic outlet syndrome
• Degenerative joint disease of the cervical or thoracic 

spine
• Costochondritis
• Herpes zoster

Psychogenic

• Anxiety
• Depression
• Cardiac psychosis
• Self-gain
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figure 1-1 Pain of myocardial ischemia.

Chiefly retrosternal and intense

Most commonly radiates to
left shoulder and/or ulnar
aspect of left arm and hand

May also radiate to neck, 
jaw, teeth, back, abdomen,
or right arm

Common
descriptions 
of pain

Other
manifestations
of myocardial
ischemia

Viselike Constricting Crushing weight
and/or pressure

Fear Perspiration

Shortness
of breath Nausea,

vomiting

Weakness, collapse, coma

box 1-2 Conditions that Cause Increased 
Myocardial Oxygen Demand

• Hyperthyroidism
• Tachycardia of various etiologies
• Hypertension
• Pulmonary embolism
• Pregnancy
• Psychogenic
• Central nervous system stimulants
• Exercise
• Psychological stress
• Fever

exertion). The initial presentation of angina is, by definition, 
unstable angina; although for a high percentage of individuals 
this may merely represent the first recognizable episode of 
angina. For those with unstable angina, the risk of MI in the 
near future is markedly increased. Likewise, when the patient 
experiences angina in response to decreased levels of exertion 
or when exertional angina has begun to occur at rest, these 
urgent circumstances require immediate therapy. The treat-
ment of stable angina and acute coronary syndrome is discussed 
in Chapters 12, 13, and 14. The Canadian Cardiovascular 
Society Functional Classification of Angina Pectoris is a useful 
guide for everyday patient assessment (Box 1-4). Categorizing 
patients according to their class of symptoms is rapid and precise 
and can be used in follow-up. Class IV describes the typical 
patient with acute coronary syndrome.

Finally, it is important to distinguish those patients who  
have noncoronary causes of chest discomfort from those with 
CHD. Patients with gastroesophageal reflux disease (GERD) 
often present with symptoms that are impossible to distinguish 
from angina. In numerous studies, GERD is the most common 
diagnosis in patients who undergo diagnostic testing for angina 
and are found not to have CHD. The characteristics of the pain 
can be identical. Because exercise can increase intra-abdominal 
pressure, GERD may be exacerbated with exercise, especially 
after meals. Symptoms from GERD can also be relieved with 
use of sublingual nitroglycerin. GERD can also result in 

box 1-3 Cardiac Risk Factors

• Diabetes
• Smoking
• Hypertension
• High cholesterol
• Hyperlipidemia
• Sedentary lifestyle
• High-fat diet
• Stress
• “Metabolic syndrome”
• Family history of CHD (including history of MI, sudden 

cardiac death, and first-degree relatives who underwent 
coronary revascularization)

• Age
• Male sex
• Obesity

CHD, coronary heart disease; MI, myocardial infarction.
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box 1-4 Canadian Cardiovascular Society 
Classification of Angina Pectoris

i Ordinary physical activity, for example, walking or 
climbing stairs, does not cause angina; angina occurs 
with strenuous, rapid, or prolonged exertion at work 
or recreation.

ii Slight limitation of ordinary activity; for example, 
angina occurs when walking or stair climbing after 
meals, in cold, in wind, under emotional stress, or 
only during the few hours after awakening, when 
walking more than two blocks on the level, or when 
climbing more than one flight of ordinary stairs at a 
normal pace and during normal conditions.

iii Marked limitation of ordinary activity; for example, 
angina occurs when walking one or two blocks on 
the level or when climbing one flight of stairs during 
normal conditions and at a normal pace.

iV Inability to carry on any physical activity without 
discomfort; angina syndrome may be present at rest.

From Campeau L. Grading of angina pectoris [letter]. Circulation. 
1976;54:522–523.

early-morning awakening (as can unstable angina) but tends to 
awaken individuals 2 to 4 hours after going to sleep, rather than 
1 to 2 hours before arising, as is the case with unstable angina. 
Other causes (see Box 1-1) of angina-like pain can be benign, 
or suggestive of other high-risk syndromes, such as aortic  
dissection or pulmonary embolus. Many of these “coronary 
mimics” can be ruled out by patient history, but others, such  
as valvular aortic stenosis, can be confirmed or excluded by 
physical examination. The goal of taking the history is to alert 
the clinician to entities that can be confirmed or excluded  
by physical examination, or that necessitate further diagnostic 
testing.

Dyspnea, Edema, and Ascites

Dyspnea can accompany angina pectoris or it can be an  
anginal equivalent. Dyspnea can also reflect congestive heart 
failure (CHF) or occur because of noncardiac causes. The key 
to understanding the etiology of dyspnea is a clear patient 
history, which is then confirmed by a targeted physical 
examination.

Dyspnea during exertion that quickly resolves at rest or  
with use of nitroglycerin may be a result of myocardial ischemia. 
It is important to establish the amount of activity necessary  
to provoke dyspnea, the reproducibility of these symptoms,  
and the duration of recovery. As with angina, dyspnea as  
an anginal equivalent or an accompanying symptom tends to 
occur at a given workload or stress level; dyspnea occurring  
one day at low levels of exertion but not prompted by vigorous 
exertion on another day is less likely to be an anginal 
equivalent.

In patients with CHF, dyspnea generally reflects increased 
left ventricular (LV) filling pressures (Fig. 1-2). Although most 
commonly LV systolic dysfunction is the cause of the dyspnea, 
dyspnea also occurs in individuals with preserved LV systolic 
function and severe diastolic dysfunction. These two entities 
present differently, however, and physical examination can 

figure 1-2 Physical examination. CHF, congestive heart failure.

Cyanosis of lips
and nail beds
may be present
if the patient
is hypoxic.

Chest auscultation reveals bilateral
rales and pleural effusions (when
CHF is chronic).

Cardiac auscultation for third heart sounds 
(S3) and murmurs should be performed in 
standard positions, including that with the 
patient sitting forward.

S3S2Systolic 
murmur

S1

Left-Sided Cardiac Heart Failure

Patients with left-sided
CHF may be uncomfortable 
lying down.

distinguish them. With LV systolic dysfunction, dyspnea tends 
to gradually worsen, and its exacerbation is more variable than 
that of exertional dyspnea resulting from myocardial ischemia, 
although both are due to fluctuations in pulmonary arterial 
volume and left atrial filling pressures. Typically, patients with 
LV systolic dysfunction do not recover immediately after exer-
cise cessation or use of sublingual nitroglycerin, and the dyspnea 
may linger for longer periods. Orthopnea, the occurrence of 
dyspnea when recumbent, or paroxysmal nocturnal edema pro-
vides further support for a presumptive diagnosis of LV systolic 
dysfunction. Patients with LV diastolic dysfunction tend to 
present abruptly with severe dyspnea that resolves more rapidly 
in response to diuretic therapy than does dyspnea caused by LV 
systolic dysfunction. The New York Heart Association (NYHA) 
Classification for CHF (Table 1-1) is extremely useful in fol-
lowing patients with CHF and provides a simple and rapid 
means for longitudinal assessment. The NYHA Classification 
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Table 1-1 Comparison of the ACC/AHA and the NYHA Classifications of Heart Failure

ACC/AHA Stage NYHA Functional Class

stage Description Class Description

A Patients without structural heart disease 
and without symptoms of heart failure 
but who are at high risk for the 
development of heart failure

No comparable 
functional class

B Patients with structural heart disease that is 
strongly associated with the development 
of heart failure but who have never 
shown signs or symptoms of heart failure

I (Mild) No limitation of physical activity. Ordinary physical 
activity does not cause undue fatigue, palpitation, 
or dyspnea.

C Patients who have current or prior 
symptoms of heart failure and underlying 
structural heart disease

II (Mild) Slight limitation of physical activity. Comfortable at 
rest, but ordinary physical activity results in 
fatigue, palpitation, or dyspnea.

III (Moderate) Marked limitation of physical activity. Comfortable at 
rest, but less than ordinary activity causes fatigue, 
palpitation, or dyspnea.

D Patients with advanced structural heart 
disease and symptoms of heart failure at 
rest despite maximal medical therapy

IV (Severe) Unable to carry out any physical activity without 
discomfort. Symptoms of cardiac insufficiency at 
rest. If any physical activity is undertaken, 
discomfort is increased.

ACC/AHA, American College of Cardiology/American Heart Association; NYHA, New York Heart Association. NYHA data from the Criteria 
Committee of the New York Heart Association. Diseases of the Heart and Blood Vessels: Nomenclature and Criteria for Diagnosis. Boston: 
Brown; 1964. ACC/AHA data from ACC/AHA 2005 Guideline Update for the Diagnosis and Management of Chronic Heart Failure in the Adult. 
Circulation. 2005:112:e154–e235.

box 1-5 Differential Diagnosis of Dyspnea

Pulmonary

• Reactive airways disease (asthma)
• Chronic obstructive pulmonary disease
• Emphysema
• Pulmonary edema
• Pulmonary hypertension
• Lung transplant rejection
• Infection
• Interstitial lung disease
• Pleural disease
• Pulmonary embolism
• Respiratory muscle failure
• Exercise intolerance

Cardiac

• Ischemic heart disease/angina pectoris
• Right-sided heart failure
• Aortic stenosis or regurgitation
• Arrhythmias
• Dilated cardiomyopathy
• Hypertrophic cardiomyopathy
• Congestive heart failure
• Mitral regurgitation or stenosis
• Mediastinal abnormalities
• Pericardial tuberculosis
• Transposition of the great arteries

other

• Blood transfusion reaction
• Measles

also correlates well with prognosis. Patients who are NYHA 
class I have a low risk of death or hospital admission within the 
following year. In contrast, the annual mortality rate of those 
with NYHA class IV symptoms exceeds 30%.

As with chest discomfort, the differential diagnosis of dyspnea 
is broad, encompassing many cardiac and noncardiac causes 
(Box 1-5). Congenital heart disease, with or without pulmonary 
hypertension, can cause exertional dyspnea. Patients with sig-
nificant intra- or extracardiac shunts and irreversible pulmonary 
hypertension (Eisenmenger’s syndrome) are dyspneic during 
minimal exertion and often at rest. It is also possible to have 
dyspnea because of acquired valvular heart disease, usually from 
aortic or mitral valve stenosis or regurgitation. All of these 
causes should be easily distinguished from CHD or CHF by 
physical examination. Primary pulmonary causes of dyspnea 
must be considered, with chronic obstructive pulmonary  
disease (COPD) and reactive airways disease (asthma) being 
most common. Again, a careful history for risk factors (e.g., 
cigarette smoking, industrial exposure, allergens) associated 
with these entities and an accurate physical examination should 
distinguish primary pulmonary causes from dyspnea due to 
CHD or CHF.

Peripheral edema and ascites are physical examination find-
ings consistent with pulmonary hypertension and/or right ven-
tricular (RV) failure. These findings are included in the history 
because they may be part of the presentation. Although patients 
often comment on peripheral edema, with careful questioning 
they may also identify increasing abdominal girth consistent 
with ascites. Important questions on lower extremity edema 
include determination of whether the edema is symmetric (uni-
lateral edema suggests alternate diagnoses) and whether the 
edema improves or resolves with elevation of the lower extremi-
ties. The finding of “no resolution overnight” argues against  

RV failure as an etiology. In addition, for peripheral edema  
and ascites, it is important to ask questions directed toward 
determining the presence of anemia, hypoproteinemia, or other 
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causes. The differential diagnosis of edema is broad and beyond 
the scope of this chapter.

Palpitations and Syncope

It is normal to be aware of the sensation of the heart beating, 
particularly during or immediately after exertion or emotional 
stress. Palpitations refer to an increased awareness of the heart 
beating. Patients use many different descriptions, including a 
“pounding or racing of the heart,” the feeling that their heart is 
“jumping” or “thumping” in their chest, the feeling that the 
heart “skips beats” or “races,” or countless other descriptions. 
A history showing that palpitations have begun to occur during 
or immediately after exertion, and not at other times, raises the 
concern that these sensations reflect ventricular ectopy associ-
ated with myocardial ischemia. It is more difficult to assess the 
significance of palpitations occurring at other times. Supraven-
tricular and ventricular ectopy may occur at any time and may 
be benign or morbid. As discussed in Chapters 29, 30, and 31, 
ventricular ectopy is worrisome in patients with a history of MI 
or cardiomyopathy. Lacking this information, clinicians should 
be most concerned if lightheadedness or presyncope accompa-
nies palpitations.

Syncope generally indicates an increased risk for sudden 
cardiac death and is usually a result of cardiovascular disease and 
arrhythmias. If a syncopal episode is a presenting complaint, the 
patient should be admitted for further assessment. In approxi-
mately 85% of patients, the cause of syncope is cardiovascular. 
In patients with syncope, one must assess for CHD, cardiomy-
opathy, and congenital or valvular heart disease. In addition, 
neurocardiogenic causes represent a relatively common and 
important possible etiology for syncope. Box 1-6 shows the dif-
ferential diagnosis for syncope. It is critical to determine whether 
syncope really occurred. A witness to the episode and documen-
tation of an intervening period are very helpful. In addition, 
with true syncope, injuries related to the sudden loss of con-
sciousness are common. However, an individual who reports 
recurrent syncope (witnessed or unwitnessed) but has never 
injured himself or herself may not be experiencing syncope. 
This is not to lessen the concern that a serious underlying 
medical condition exists but instead to reaffirm that the symp-
toms fall short of syncope, with its need for immediate 
evaluation.

THE PHysiCal ExaminaTion

There are several advantages to obtaining a patient’s history 
before the physical examination. First, the information gained 
in the history directs the clinician to pay special attention to 
aspects of the physical examination. For instance, a history con-
sistent with CHD necessitates careful inspection for signs of 
vascular disease; a history suggestive of CHF should make the 
clinician pay particular attention to the presence of a third heart 
sound. Second, the history allows the clinician to establish a 
rapport with patients, to assure patients that he or she is inter-
ested in their well-being, and that the physical examination is 
an important part of a complete evaluation. In this light, the 
therapeutic value of the physical examination to the patient 
should not be underestimated. Despite the emphasis on 

technology today, even the most sophisticated patients expect 
to be examined, to have their hearts listened to, and to be told 
whether worrisome findings exist or the examination results 
were normal.

General Inspection and Vital Signs

Much useful information can be gained by an initial “head-to-
toe” inspection and assessment of vital signs. For instance, 
truncal obesity may signal the presence of type 2 diabetes or the 
metabolic syndrome. Cyanosis of the lips and nail beds may 
indicate underlying cyanotic heart disease. Hairless, dry-skinned 
lower extremities or distal ulceration may indicate peripheral 
vascular disease. Other findings are more specific (Fig. 1-3). 
Abnormalities of the digits are found in atrial septal defect; 
typical findings of Down’s syndrome indicate an increased inci-
dence of ventricular septal defect or more complex congenital 
heart disease; hyperextensible skin and lax joints are suggestive 
of Ehlers-Danlos syndrome; and tall individuals with arachno-
dactyly, lax joints, pectus excavatum, and an increased arm 
length-to-height ratio may have Marfan’s syndrome. These rep-
resent some of the more common morphologic phenotypes in 
individuals with heart disease. Vital signs can also be helpful. 
Although normal vital signs do not rule out CHD, marked 
hypertension may signal cardiac risk, whereas tachycardia, 
tachypnea, and/or hypotension at rest suggest CHF.

Important Components of the 
Cardiovascular Examination

The clinician should focus efforts on those sites that offer a 
window into the heart and vasculature. Palpation and careful 
inspection of the skin for secondary changes because of vascular 
disease or diabetes is important. Lips, nail beds, and fingertips 

box 1-6 Differential Diagnosis for Syncope

Cardiogenic

• Mechanical
Outflow tract obstruction
Pulmonary hypertension
Congenital heart disease
Myocardial disease: low-output states

• Electrical
Bradyarrhythmias
Tachyarrhythmias

• Neurocardiogenic
Vasovagal (vasodepression)
Orthostatic hypotension

other

• Peripheral neuropathy
• Medications
• Primary autonomic insufficiency
• Intravascular volume depletion
• Reflex
• Cough
• Micturition
• Acute pain states
• Carotid sinus hypersensitivity
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figure 1-3 Physical examination: general inspection.
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should be examined for cyanosis (including clubbing of  
the fingernails) and, when indicated, for signs of embolism. 
Examination of the retina using an ophthalmoscope can reveal 
evidence of long-standing hypertension, diabetes, or atheroem-
bolism, denoting underlying vascular disease. Careful examina-
tion of the chest, including auscultation, can help to differentiate 
causes of dyspnea. The presence of dependent rales is consistent 
with left-sided heart failure. Pleural effusions can result from 
long-standing LV dysfunction or noncardiac causes and can  
be present with predominantly right-sided heart failure,  
representing transudation of ascites into the pleural space. 
Hyperexpansion with or without wheezing suggests a primary 
pulmonary cause of dyspnea, such as COPD or reactive airways 
disease. The presence of wheezing rather than rales does not 
rule out left-sided heart failure. It is not uncommon to hear 
wheezing with left-sided CHF. Most commonly, wheezing from 
left-sided CHF is primarily expiratory. Inspiratory and expira-
tory wheezing, particularly with a prolonged inspiratory- 
to-expiratory ratio, is more likely to be caused by intrinsic lung 
disease.

The vascular examination is an important component of a 
complete evaluation. The quality of the pulses, in particular the 
carotid and the femoral pulses, can identify underlying disease 
(Fig. 1-4). Diminished or absent distal pulses indicate peripheral 
vascular disease. The examiner should also auscultate for bruits 

over both carotids, over the femoral arteries, and in the abdomen. 
Abdominal auscultation should be performed, carefully listening 
for aortic or renal bruits, in the mid-abdominal area before 
abdominal palpation, which can stimulate increased bowel 
sounds. Distinguishing bruits from transmitted murmurs in the 
carotid and abdominal areas can be challenging. When this is a 
concern, carefully marching out from the heart using the stetho-
scope can be helpful. If the intensity of the murmur or bruit 
continually diminishes farther from the heart, it becomes more 
likely that this sound originates from the heart, rather than from 
a stenosis in the peripheral vasculature. Much information is 
available about the peripheral vascular examination, but by fol-
lowing the simple steps outlined herein, the examiner can gather 
the majority of the accessible clinical information.

Examination of the jugular venous pulsations is a commonly 
forgotten step. Jugular venous pressure, which correlates with 
right atrial pressure and RV diastolic pressure, should be esti-
mated initially with the patient lying with the upper trunk ele-
vated 30 degrees. In this position, at normal jugular venous 
pressure, no pulsations are visible. This correlates roughly to a 
jugular venous pressure less than 6 to 10 cm. The absence of 
jugular vein pulsations with the patient in this position can be 
confirmed by occluding venous return by placing a fingertip 
parallel to the clavicle in the area of the sternocleidomastoid 
muscle. The internal and external jugular veins should partially 
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Careful auscultation of the abdomen can reveal
bruits from vessels such as aorta and renal arteries.

Diminished or absent peripheral pulses
indicate peripheral vascular disease.

Dilatation of the abdominal portion of
the aorta can be recognized by palpation.
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figure 1-4 Important components of cardiac examination. ECG, electrocardiogram.

fill. Although with normal jugular venous pressure examination 
of the waveforms is less important, the head of the examination 
table can be lowered until the jugular venous pulsations are 
evident. When the jugular venous pulsations are visible at 30 
degrees, the examiner should note the waveforms. It is possible 
to observe and time the a and v waves by simultaneously timing 
the cardiac apical impulse or the carotid impulse on the contra-
lateral side. An exaggerated a wave is consistent with increased 
atrial filling pressures because of tricuspid valve stenosis or 
increased RV diastolic pressure. A large v wave generally indi-
cates tricuspid valve regurgitation, a finding easily confirmed by 
auscultation.

Finally, before cardiac auscultation it is important to palpate 
the precordium. This is the easiest way to identify dextrocardia. 
Characteristics of the cardiac impulse can also yield important 
clues about underlying disease. Palpation of the precordium is 
best performed from the patient’s right side with the patient 
lying flat. The cardiac apical impulse is normally located in  
the fifth intercostal space along the midclavicular line. Most 
examiners use the fingertips to palpate the apical impulse. It is 
often possible to palpate motion corresponding to a third or 
fourth heart sound. Use of the fingertips offers fine detail on 
the size and character of the apical impulse. A diffuse and sus-
tained apical impulse is consistent with LV systolic dysfunction. 
Patients with hypertrophic cardiomyopathy, in contrast, often 

have a hyperdynamic apical impulse. Thrills, palpable vibrations 
from loud murmurs or bruits, can also be palpated.

The RV impulse, if identifiable, is located along the left 
sternal border. Many clinicians prefer to palpate the RV impulse 
with the base of the hand, lifting the fingertips off the chest  
wall. In RV hypertrophy, a sustained impulse can be palpated, 
and the fingertips then can be placed at the LV impulse to 
confirm that the two are distinct. In patients with a sustained 
RV impulse, the examiner should again look for prominent a 
and v waves in the jugular venous pulsations.

Cardiac Auscultation

Hearing and accurately describing heart sounds is arguably the 
most difficult part of the physical examination. For this reason 
and because of the commonplace use of echocardiography, 
many clinicians perform a cursory examination. The strongest 
arguments for performing cardiac auscultation carefully are to 
determine whether further diagnostic testing is necessary; to 
correlate findings of echocardiography with the clinical exami-
nation so that, in longitudinal follow-up, the clinician can deter-
mine progression of disease without repeating echocardiography 
at each visit; and because the more a clinician makes these cor-
relations, the better his or her skills in auscultation will become 
and the better his or her patients will be served. It should also 
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be noted that, with normal general cardiac physical examination 
results, the absence of abnormal heart sounds, and a normal 
electrocardiogram, the use of echocardiography for evaluation 
of valvular or congenital heart disease is not indicated. Further-
more, if there are no symptoms of CHF or evidence of hemo-
dynamic compromise, echocardiography is not indicated for 
assessment of LV function. Practice guidelines from cardiolo-
gists and generalists agree on this point, as do third-party insur-
ers. It is neither appropriate nor feasible to replace a careful 
cardiovascular examination using auscultation with more expen-
sive testing.

The major impact of echocardiography has been in quantita-
tive assessment of cardiovascular hemodynamics—that is, the 
severity of valvular and congenital heart disease. No longer is it 
necessary for the clinician to make an absolute judgment on 
whether an invasive assessment (cardiac catheterization) is 
needed to further define hemodynamic status or whether the 
condition is too advanced to allow surgical intervention based 
on history and physical examination. But instead of diminishing 
the role of cardiac auscultation, the advent of echocardiography 
has redefined it. Auscultation remains important as a screening 
technique for significant hemodynamic abnormalities, as an 
independent technique to focus and verify the echocardio-
graphic study, and an important means by which the physician 
can longitudinally follow patients with known disease.

There are several keys to excellence in auscultation.  
Foremost is the ability to perform a complete general cardiac 
physical examination, as described. The findings help the exam-
iner focus on certain auscultatory features. Second, it is impor-
tant to use a high-quality stethoscope. Largely dictated by 
individual preference, clinicians should select a stethoscope  
that has bell and diaphragm capacity both (for optimal apprecia-
tion of low- and high-frequency sounds, respectively) and that 
fits the ears comfortably and is well insulated so that external 
sounds are minimized. Third, it is important to perform auscul-
tation in a quiet environment. Particularly as skills in ausculta-
tion are developing, trying to hone these in the hall of a busy 
emergency department or on rounds while others are speaking 
is time spent poorly. Additionally, taking the time to return  
to see a patient with interesting findings detected during aus-
cultation, and repetition, are keys to becoming competent in 
auscultation.

The patient should be examined while he or she is in several 
positions: while recumbent, while in the left lateral decubitus 
position, and while sitting forward. Every patient is different 
and, using all three positions, the examiner can optimize the 
chance that soft heart sounds can be heard. Likewise, it is impor-
tant to listen carefully at the standard four positions on the chest 
wall (Fig. 1-5), as well as over the apical impulse and RV impulse 
(if present). It is also best to isolate different parts of the exami-
nation in time. Regardless of the intensity of various sounds,  
it is best always to perform the examination steps in the same 
chronologic order, so that the presence of a loud murmur,  
for instance, does not result in failure to listen to the other  
heart sounds.

Listen for S1 (the first heart sound) first. As with jugular 
venous pulsations, the heart sounds can be timed by simultane-
ously palpating the cardiac apical impulse or the carotid upstroke. 
Even the most experienced clinician occasionally needs to time 

the heart sounds. Is a single sound present, or is the first heart 
sound split? Is a sound heard before S1, indicating an S4? Next, 
listen to the second heart sound. Normally the first component 
(A2, the aortic valve closing sound) is louder than the second 
component (P2, the pulmonic valve closing sound). A louder 
second component may indicate increased pulmonary pressure. 
A more subtle finding is a reversal of A2 and P2 timing that 
occurs with left bundle branch block and in some other circum-
stances. Additionally, it is important to assess whether A2 and 
P2 are normally split or whether they are widely split with no 
respiratory variation—a finding suggestive of an atrial septal 
defect. The examiner should then listen carefully for a third 
heart sound. An S3 is often best heard over the tricuspid or 
mitral areas and is a low-frequency sound. It is heard best with 
the bell and is often not heard with the diaphragm.

After characterizing these heart sounds, it is time to listen 
carefully for murmurs. Murmurs are classified according to  
their intensity, their duration, their location, and their ausculta-
tory characteristics: crescendo, decrescendo, blowing, among 
others. It is also important to note the site where the murmur 
is loudest and whether the murmur radiates to another area  
of the precordium or to the carotids. All of these features  
contribute to determining the origin of the murmur, the likeli-
hood that it represents an acute or chronic process, and how it 
affects the diagnostic and therapeutic approaches. Most impor-
tantly, it is necessary for clinicians to judge whether a murmur 
represents cardiac disease or is innocent. Innocent murmurs, 
also termed “flow murmurs,” are common in children. More 
than 60% of children have innocent murmurs. Innocent 
murmurs become less common in adults; however, an innocent 
murmur can still be found into the fourth decade of life. Altera-
tions in hemodynamics induced by pregnancy, anemia, fever, 
hyperthyroidism, or any state of increased cardiac output can 
produce an innocent murmur. These murmurs are generally 
midsystolic, heard over the tricuspid or pulmonic areas, and do 
not radiate extensively. They are often loudest in thin individu-
als. Innocent murmurs do not cause alterations in the carotid 
pulse and do not coexist with abnormal cardiac impulses or with 
other abnormalities, such as extra heart sounds (S3 and S4), in 
adults. In elderly individuals a common finding is a systolic 
murmur that shares auditory characteristics with the murmur of 
aortic stenosis; however, carotid upstrokes are normal. This 
finding, aortic sclerosis, may necessitate confirmation by echo-
cardiography. It represents sclerosis of the aortic leaflets but 
without significant hemodynamic consequence.

The characteristics of the most common and hemodynami-
cally important murmurs are shown in Figure 1-5. As noted, the 
murmur is defined not only by its auditory characteristics but 
also by the company it keeps. Often the key to excellence in 
auscultation is being thorough in all aspects of the cardiovascu-
lar examination.

Maneuvers

No discussion of cardiac auscultation would be complete without 
the use of maneuvers to accentuate auscultatory findings. As 
shown in Figure 1-6, patient positioning can alter peripheral 
vascular resistance or venous return, accentuating murmurs that 
are modulated by these changes. Murmurs associated with fixed 
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figure 1-5 Cardiac auscultation: Correlation of murmurs and other adventitious sounds with underlying pathophysiology.
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figure 1-6 Maneuvers.
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valvular lesions change little with changes in position or the 
maneuvers illustrated in Figure 1-6. Thus, these maneuvers are 
most useful for diagnosing entities in which hemodynamic 
status affects murmurs. The two classic examples are the  
click and murmur of mitral valve prolapse, as shown, and  
the aortic outflow murmur of hypertrophic cardiomyopathy 
(not shown).

fuTurE DirECTions

Handheld echocardiography machines can be carried on the 
shoulder and have a small transducer that can obtain echocar-
diographic images of sufficient quality to quantify murmurs and 
assess LV dysfunction. Although these portable echocardio-
graphic machines have advantages and have been incorporated 
in medical school curricula at many institutions, they have not 
yet replaced the stethoscope, nor are they likely to do so.

The roles of cardiac history and physical examination  
have changed. Before the noninvasive testing of today, astute 
clinicians were the arbiters of whether invasive diagnostic testing 
was needed, based largely on examination findings alone. Today 
it is believed that the role of the clinician is to use physical 
examination findings to establish the prior probability of 

cardiovascular disease, whether CHD, valvular heart disease, or 
congenital heart disease, thereby determining the need for 
further testing. In the continual quest for improved noninvasive 
testing, it is likely that a clinician’s skill will continue to evolve 
as the interplay between history taking, physical examination, 
and diagnostic testing further develops.
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risk of a cardiac event based on Framingham data (Framingham Risk 
Calculator).
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Coronary Atherosclerosis

Cam Patterson and Marschall S. Runge

C ardiovascular diseases (CVDs)—coronary artery disease 
(CAD), hypertension, congestive heart failure, and 

stroke—are the leading cause of death and disability in elderly 
individuals in the Western world. In the United States,  
the CVD death toll is nearly 1 million each year, and  
the estimated cost of CVD treatment was over $400 billion  
for 2006, with the likelihood that the incidence of CVD will 
continue to increase as the population ages and because of the 
marked increases in diabetes and obesity that are occurring 
today. The U.S. Census Bureau projects that nearly one in  
four individuals will be 65 years of age or older by 2035, and 
adults older than 65 years are two and a half times more likely 
to have hypertension and four times more likely to have  
coronary heart disease than are those in the 40- to 49-year age 
group. Additionally, throughout all age groups, the incidence  
of obesity and diabetes has increased dramatically across the 
United States.

Although the prevalence of atherosclerotic disease continues 
to increase in developed countries, death rates from CVDs in 
the United States have decreased by more than a third in the 
past 2 decades. This effect is due to primary and secondary 
prevention strategies and to improvements in care and rehabili-
tation of patients with atherosclerotic diseases.

Despite this encouraging news, atherosclerotic diseases 
remain an enormous challenge for the clinician, for several 
reasons. Many preventive strategies involve lifestyle changes 
that test the compliance of even the most devoted patients.  
The disease itself progresses silently for decades before symp-
toms develop, and the initial clinical presentation of atheroscle-
rotic disease is often a catastrophic event, such as myocardial 
infarction (MI), stroke, or sudden cardiac death (SCD). The 
diagnosis of atherosclerotic disease, particularly through non-
invasive methods, is imperfect, and clinical manifestations of 
atherosclerotic diseases are often subtle and easily mistaken for 
causes that are more benign. Therefore, although the diagnosis 
and treatment of atherosclerotic diseases remain of paramount 
importance, the promise of future advances rests in a more 
detailed understanding of atherosclerosis, leading to earlier 
diagnosis and prevention that is ultimately more effective.

Etiology And PAthogEnEsis

Atherosclerotic plaques lead to clinical events (angina, MI) by 
two mechanisms. First, with gradual enlargement, plaques may 
obstruct blood flow within epicardial vessels, resulting in isch-
emia to the myocardial tissue dependent on the affected vessel’s 
blood supply. Alternatively, plaques may become symptomatic 
because of acute rupture or thrombosis, resulting in catastrophic 
acute occlusion of a vessel, the hallmark of MI. Indeed, the two 
mechanisms are apt to be linked, because less catastrophic (and 
subclinical) episodes of plaque rupture are probably one of the 
mechanisms by which nonocclusive plaques enlarge to become 
symptomatic.

The concept that endothelial injury is an inciting event in 
atherosclerosis is common to most theories of pathogenesis. 
Endothelial injury is a component of the earliest stages of  
atherosclerosis, the formation of lesions that can be detected 
only at autopsy, the fatty streak (Fig. 2-1A). Most of the well-
characterized risk factors for atherosclerosis (hypertension, dia-
betes mellitus, cigarette smoking, hyperlipidemia, advanced age, 
elevated plasma homocysteine concentrations) injure the endo-
thelium, initiating a chain of events, all attributes of atheroscle-
rosis: smooth muscle cell (SMC) proliferation, inflammatory 
cell recruitment, and lipid deposition within the blood vessel 
(Fig. 2-1B). Though still early in development, potential diag-
nostic and/or therapeutic approaches based upon inflammatory 
signaling pathways now known to be important in atherogenesis 
hold promise.

Endothelial injury and the subsequent events that occur in 
the vessel wall initiate the progression from stable to unstable 
atherosclerotic plaques, ultimately leading to the rupture of 
unstable plaques, thrombosis of the vessel, and, in many cases, 
MI (Fig. 2-2). Lesion development in the medium and small 
vessels of cerebral vessels leads to stroke, and in renal and mes-
enteric vasculature contributes to diabetic complications.

An abundance of evidence suggests that atherosclerotic 
lesions, at least in part, result from an excessive inflammatory 
response. For example, although elevated low-density lipopro-
tein cholesterol (LDL-C) is a risk factor for premature athero-
sclerosis, the LDL-C must undergo oxidative modification to 
cause damage to the arterial wall. Cytokines, growth factors, and 
oxidative stress may also contribute to atherosclerosis by mecha-
nisms that are independent of LDL-C oxidation. Any of these 
mediators can rapidly react with and inactivate nitric oxide, 
enhancing proatherogenic mechanisms such as leukocyte adhe-
sion to endothelium, impaired vasorelaxation, and platelet 
aggregation (Fig. 2-3).

Numerous adaptive changes in vascular structure occur  
with aging in healthy individuals. These changes include 
increases in arterial stiffening, aortic root size, and aortic wall 
thickness (which resembles the increased intimal medial thick-
ness during early atherogenesis) and measurable abnormalities 
in vascular function, such as enhanced arterial systolic and  
pulse pressure. Collagen content is increased, but elastin content 
is decreased.

Throughout the spectrum of atherogenesis, SMCs play a 
pivotal role. SMCs are not terminally differentiated and can 
undergo phenotypic modulation, reverting to cells capable of 
proliferation, migration, and secretion of mediators involved  
in these processes. These modulated SMC phenotypes have 
potentially opposing functions because they can repair vascular 
damage but can also contribute to vascular disease such as 
hypertension and atherosclerosis. In arteries prone to develop 
atherosclerosis, and in the sites of plaque destabilization  
and rupture, the terminal events in lesion progression—the 
number of SMCs—is often decreased. Because SMCs are 
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Figure 2-1 Atherogenesis: (A) Fatty streak formation. (B) Fibrous plaque formation. LDL-C, low-density lipoprotein cholesterol.
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Figure 2-2 Atherogenesis: Unstable plaque formation.
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important in maintaining plaque stability (most of the intersti-
tial collagen fiber deposition important for tensile strength of 
the fibrous cap is secreted by SMCs), the paucity of SMCs 
increases the likelihood of plaque rupture. Therefore, it is likely 
that SMC proliferation is deleterious in the early stages of ath-
erosclerotic lesion formation, whereas loss of SMCs (and 
decreased capacity for proliferation) in later stages increases the 
likelihood of plaque destabilization and clinical outcomes such 
as MI and stroke.

A large body of data now implicates both circulating and 
resident stem cells in the pathogenesis of and protection against 
atherosclerosis. Although the biology and contribution of stem 
cells to progression and regression of atherosclerosis remains 
incompletely understood, some data suggest that depletion of 
stem cells during the process of aging serves as a trigger for 
progression of atherosclerotic lesions.

Advances in molecular biologic and genetic approaches 
promise a more detailed understanding of atherosclerosis and 
improved diagnostic and therapeutic methods. In the past 2 
decades, an explosion of information based on identification of 
genes and proteins involved in experimental atherosclerosis has 
resulted in better understanding of the biology of atherosclero-
sis. Unfortunately, these advances have generally not translated 
into better diagnostic testing. In addition, because with rare 
exceptions atherosclerosis is a multigenic disease, gene therapy 

and other similar approaches are less likely to offer therapeutic 
effectiveness (see Chapter 72).

CliniCAl PrEsEntAtion

Understanding the symptoms of myocardial ischemia is essen-
tial in the context of atherosclerosis, and the brief descriptions 
provided represent an overview. These topics are discussed in 
more detail in Chapters 1, 12, 13, and 14. There are three classic 
clinical presentations of coronary atherosclerosis. The first is 
angina pectoris, the characteristic ischemia-induced chest pain. 
The chest pain of angina is typically retrosternal, with radiation 
to the arms and neck, and is often accompanied by dyspnea (Fig. 
2-4). Angina may occur predictably with exertion (stable angina) 
or, more ominously, at rest or in an accelerating pattern (unsta-
ble angina). The symptoms of stable angina are often subtle and 
difficult to distinguish from other causes of chest discomfort. 
This is particularly true in women, in whom the typical symp-
toms described herein are less commonly present.

If not treated promptly, unstable angina may be a harbinger 
of MI, the second classic presentation of atherosclerosis. Patients 
with MI frequently, but not exclusively, present with chest pain; 
however, unlike anginal pain, the pain of MI is typically unre-
mitting and more severe and may be accompanied by autonomic 
symptoms, such as nausea and vomiting. Arrhythmias may ensue 
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Figure 2-3 Classical risk factors in coronary artery disease: Relationship to excessive inflammatory responses. LDL-C, low-density 
lipoprotein cholesterol.

from ischemia-induced electrical instability of the myocardium. 
In severe cases, symptoms of heart failure because of acute left 
or right ventricular dysfunction may also be present. Ventricular 
dysfunction is an ominous sign in patients with MI and merits 
prompt attention.

The third presentation of atherosclerosis is SCD due to ven-
tricular fibrillation, which is the first clinical manifestation  
of coronary atherosclerosis in about 25% of patients with  
the disease (see Chapter 30). The only hope of survival for 
patients who present with SCD is prompt administration of 
cardiopulmonary resuscitation and ventricular defibrillation. 
Several studies have demonstrated that community-based  
efforts to train the public in resuscitation techniques, to provide 

access to automatic external defibrillation devices, and to 
improve emergency medical access improve survival in out-of-
hospital SCD. Resuscitation after SCD is more effective in 
patients admitted to the hospital, largely because of continuous 
electrocardiographic monitoring and the development of coro-
nary care units that provide advanced care for patients who 
experienced MI.

It should be noted that more than 50% of patients with 
myocardial ischemia present with atypical symptoms ranging 
from “anginal equivalents” to nonspecific symptoms in the 
setting of acute MI. For this reason, a high index of clinical 
suspicion should endorse further diagnostic testing in individu-
als with atypical symptoms.
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diFFErEntiAl diAgnosis

Identification of patients with coronary atherosclerosis is one of 
the classic dilemmas in clinical decision making for three 
reasons. First, as much as 70% luminal obstruction by an  
atherosclerotic lesion is necessary to cause hemodynamically 
significant obstruction that results in myocardial ischemia and 
the symptoms of angina. Second, many lesions that rupture or 
undergo thrombosis and lead to MI are nonobstructive, and 
neither the identification of suspect lesions by angiography or 
the early warning symptoms of angina necessarily forewarn of 
dramatic clinical presentations such as unstable angina or MI. 
Third, the symptoms of angina pectoris, and even MI, can be 
especially subtle and difficult to distinguish from other causes 
of chest discomfort, even for an experienced clinician. More-
over, often cardiac symptoms are not recognized by the patient 
before an acute presentation. The failure to identify the symp-
toms of myocardial ischemia is one of the most common, and 
the most costly, clinical errors. For all these reasons, there is 
much interest in advanced diagnostic testing for cardiovascular 
risk, as discussed in detail in Chapters 3 to 10.

Typical anginal pain is frequently exertional and subsides 
predictably within a few minutes of rest. The pain may also be 
exacerbated by emotional stress and drug use, including tobacco 
and cocaine. It is often described as aching, pressure, heaviness, 
or squeezing. The diagnosis is further complicated by the 
number of other causes of chest discomfort, many of which are 
also medical emergencies. Other CVDs, including aortic dissec-
tion and acute pericarditis, may produce chest pain. More 
common cardiac, noncoronary causes of ischemic chest pain  
are systemic hypertension and endothelial dysfunction or syn-
drome X. Individuals with marked hypertension may experience 
exertional chest pain as a result of subendocardial ischemia, 
which often occurs in the absence of angiographically significant 
coronary stenosis. Similarly, patients with syndrome X experi-
ence effort-induced chest pain, probably due to subendocardial 
ischemia from the inability of the coronary arteries to undergo 
vasodilation normally. Based on the biology of atherosclerosis, 
as discussed above, it is no surprise that considerable overlap 
exists between patients with hypertension and/or endothelial 
dysfunction and those with significant atherosclerotic lesions. 
Pulmonary causes of chest pain include pulmonary embolism 
and pulmonary hypertension, the latter of which may be exer-
tional and difficult to distinguish from myocardial ischemia 
based on symptoms alone. Gastrointestinal diseases are very 
common and frequently difficult to distinguish from angina 
pectoris based on medical history; gastroesophageal reflux and 
esophageal spasm frequently cause chest discomfort similar to 
angina, as can gastritis and peptic ulcer disease. Musculoskeletal 
conditions, such as muscle strains and arthritis, may produce 
angina-like symptoms. Finally, the distribution of herpes zoster 
pain may suggest angina pectoris to the clinician, particularly  
if the typical herpes zoster rash has not yet appeared. Thus,  
the nonspecific nature of angina pectoris symptoms, plus the  
broad overlap with other common disorders, contributes to the  
difficulties in the diagnosis of CAD based on signs and symp-
toms alone.

diAgnostiC APProACh

The suspicion of coronary atherosclerosis is raised by a careful 
history and physical examination—in particular, the solicitation 
of symptoms of angina pectoris and the consideration of poten-
tial risk factors for the development of atherosclerosis. Lacking 
definitive noninvasive diagnostic testing for coronary athero-
sclerosis, the importance of the history and physical examination 
cannot be overstated.

A host of diagnostic methods are available for the clinician 
evaluating a patient for CAD. The first step in the evaluation of 
patients suspected of having coronary atherosclerosis is 12-lead 
electrocardiography. In patients with MI the characteristic 
abnormality detected is ST-segment elevation, whereas patients 
with angina may have evidence of prior myocardial injury (Q 
waves) or ST-segment depression, or a normal ECG. Other 
abnormalities may also occur, and ST-segment changes may 
disappear when ischemic symptoms resolve. Electrocardiogra-
phy is a relatively specific but not highly sensitive indicator of 
CAD, and a normal ECG never excludes coronary disease under 
any circumstances. When MI is suspected, cardiac markers  

Figure 2-4 Angina pectoris.
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Figure 2-5 Intravascular ultrasonography.
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(creatine kinase-MB and troponin T or I) should be monitored 
for evidence of myocardial injury.

Additional studies to test for atherosclerosis fall in two 
groups: functional studies and anatomic studies. Among the 
functional studies, the most straightforward is the exercise 
treadmill test, which detects ST depression during exercise as a 
marker for obstructive CAD. Though simple to perform and 
relatively specific, the sensitivity of exercise treadmill tests falls 
in the 70% to 80% range at best. The sensitivity of provocative 
studies such as the treadmill test can be greatly enhanced by 
adding radionuclide scintigraphy, echocardiography, or PET 
(particularly when knowledge of myocardial viability is impor-
tant). Functional studies have the advantage of being noninva-
sive and, although their sensitivities in detection of significant 
CAD are improving, they do not equal the sensitivity of coro-
nary angiography. Typically, the predictive accuracy of any non-
invasive test is best with severe multivessel CAD; the predictive 
accuracy of these tests in single-vessel CAD is in the range of 
65% to 75%. Therefore, if clinical suspicion is high and a defini-
tive diagnosis is needed, anatomic evaluation (coronary angiog-
raphy) should be considered even in individuals with negative 
noninvasive evaluation results.

The definitive anatomic test for CAD is coronary arteriog-
raphy, which is the gold standard for diagnosis of coronary 
atherosclerosis. It is also the most invasive diagnostic procedure 

for atherosclerosis and, although the risks of angiography in 
otherwise healthy patients are very low, postprocedure compli-
cations occur in a small percentage of patients. Coronary arte-
riography provides detailed information about the size and 
extent of atherosclerotic lesions. Further definition of lesion 
characteristics can be performed using intravascular ultrasound 
(Fig. 2-5) or other imaging methods; however, these additional 
studies are more commonly used for research than for clinical 
purposes. In addition to its invasive nature, the other disadvan-
tage of coronary arteriography is that functional information 
regarding the extent of ischemia from a given lesion is not pro-
vided; this may not matter in the case of severe stenoses, but in 
moderate stenoses (50% to 70%), it can be important. Recent 
advances in imaging have led to the expanded utilization of 
noninvasive CT angiography; best employed for the detection 
of proximal coronary artery stenosis, this technology may ulti-
mately obviate the need for routine coronary angiography in 
many circumstances.

MAnAgEMEnt And thErAPy

Optimum Treatment

The management of patients with coronary atherosclerosis 
depends on the initial presentation of the disease. For patients 
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events in SMCs within lesions, have been in development for 
several years, but little progress has been made in clinical appli-
cation. Antioxidant strategies are under consideration to arrest 
or reverse atherosclerotic lesions, given the pleiotropic effects 
of oxidants on cellular events that accelerate the atherosclerotic 
process. Although the use of antioxidant vitamins has not been 
beneficial, more effective antioxidant strategies may be neces-
sary to reverse or prevent the progression of lesion formation 
and may optimally be targeted to patients with markers of high 
levels of oxidative stress as detected noninvasively. Similarly, 
there is significant interest in therapies that diminish inflamma-
tion, but prospective randomized studies have yet to be 
completed.

Until the latter part of the 1950s, only palliative therapies 
were widely available to patients with atherosclerosis and its 
complications. Although huge strides have been taken in the 
approach to this disease, much progress remains to be made. 
First, specific serum markers of atherosclerosis would be hugely 
beneficial, not only for diagnosis, but as a screening tool for 
testing large populations at risk for atherosclerosis. The use of 
inflammatory markers, such as C-reactive protein levels, is an 
important step in this direction, but more sensitive and specific 
tests are needed. Second, improvements in the ability to analyze 
coronary artery anatomy noninvasively are needed; recent 
improvements in CT and MRI technologies are especially 
promising. Finally, development of specific therapies that can 
reverse or prevent atherosclerotic lesion development remains 
a hope for the future. Gene therapy remains promising if  
appropriate targets can be identified and safety issues resolved. 
However, newer studies documenting the involvement of many 
redundant signaling pathways in atherogenesis, along with 
improvements in targeted pharmacologic therapies, probably 
indicate that pharmaceutical approaches will dominate future 
therapies.

AdditionAl rEsourCEs
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presenting with acute MI, thrombolysis or acute percutaneous 
revascularization should be considered, if appropriate, com-
bined with pharmacologic therapies, as described in detail in 
Chapters 13 and 14. Patients with stable angina pectoris are 
generally treated with aspirin, β-blocker therapy, and nitrates as 
needed for symptoms (Chapter 12). Percutaneous coronary 
intervention is an increasingly important therapy, even in stable 
coronary syndromes (Chapters 12 and 15). Coronary artery 
bypass surgery may be needed for patients with refractory 
angina or those with extensive coronary disease that is not  
amenable to percutaneous revascularization (Chapter 16). In 
selected subsets—multivessel CAD in diabetic persons or in 
individuals with impaired left ventricular systolic function—
coronary artery bypass surgery is effective.

Although well-validated therapies for the consequences of 
coronary atherosclerotic disease exist, specific therapies aimed 
at treating or preventing atherosclerosis itself are lacking. Risk 
factor modification largely prevents progression of atheroscle-
rotic lesions that have formed (and lessens the formation of  
new lesions), but there is scant evidence that lesions can sub-
stantially regress, even with aggressive risk factor modification. 
Lipid-lowering agents—statins in particular—are thought to 
stabilize lesions through various mechanisms, ultimately decreas-
ing the likelihood of plaque rupture, acute coronary syndrome, 
or cardiac death. Numerous studies have demonstrated risk 
reduction in individuals treated with statins. Similarly, aspirin 
therapy may prevent complications related to atherosclerosis by 
inhibiting platelet function, but aspirin probably has little effect 
on atherosclerotic lesions.

Avoiding Treatment Errors

The database of clinical trials in individuals at risk for acute 
cardiac events is growing exponentially. Guidelines are fre-
quently updated from the major international cardiovascular 
societies, and practitioners are encouraged to consult them 
regularly as treatment recommendations evolve. Of course, the 
most common treatment error in patients with coronary athero-
sclerosis is undertreatment. It is crucial that neither patients nor 
their health care providers underestimate cardiovascular risk, a 
significant proportion of which is modifiable.

FuturE dirECtions

For the immediate future, investigators of the pathogenesis of 
coronary atherosclerosis will probably focus on the interplay 
between genetic and environmental factors. Current approaches 
include (1) identifying families of genes (using DNA gene chip 
or microarray technologies), proteins, or metabolic factors  
that may predispose individuals to atherosclerosis development; 
(2) defining genetic-environmental interactions that accelerate 
atherosclerosis; and (3) elucidating key cellular events in athero-
genesis using genetic approaches, from initiation of gene expres-
sion to how vascular and myocardial cells deal with degraded 
proteins and other cellular components.

Several new approaches are under consideration as therapeu-
tic methods for patients with atherosclerosis. Gene therapy 
approaches, particularly those designed to inhibit cell cycle 
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Use of Diagnostic Testing

Thomas Burchell, Anthony Mathur, and Peter Mills

T he physician confronted with a patient with suspected 
cardiovascular disease has a multitude of tests available  

to provide diagnostic and prognostic information. Chapters 4 
through 10 describe the various modalities for diagnosing car-
diovascular diseases. This chapter focuses on the selection of the 
most appropriate tests for individual patients.

Generally, the available cardiovascular diagnostic tests can be 
divided into two categories: Tests that assess anatomy and tests 
that assess function. These categories are merging, as tests once 
used solely for anatomic purposes are modified to also assess 
function. The choice of test depends not only on the question 
being asked but also on the cost-effectiveness and predictive 
value of the test and the relative value of anatomic versus func-
tional information. An anatomic assessment (using a test vali-
dated by comparison with coronary angiography) may be useful 
in some settings, but it does not eliminate the need for a func-
tional assessment, which may be even more predictive of a 
patient’s prognosis and need for further intervention.

New imaging techniques must be carefully evaluated for 
accuracy, ability to provide the needed information, and cost-
effectiveness compared with existing methods of obtaining 
similar information. It should be noted that the initial descrip-
tion of the sensitivity and specificity of a diagnostic test may 
overestimate what can be achieved in practice. Initial publica-
tions usually describe the assessment of a diagnostic test under 
rigorous conditions by experienced operators in a highly selected 
population. The true measure of a test is its ability to produce 
reliable information in a typical clinical environment.

This chapter reviews the available tests that most frequently 
provide diagnostic and prognostic information in the evaluation 
of patients with suspected cardiovascular disease. As with all 
diagnostic tests, the pre-test probability of disease must be con-
sidered carefully, both in choosing the most appropriate test and 
in its interpretation.

DiagnosTic TesTs

Electrocardiography

The resting ECG is the most frequently performed investiga-
tion in evaluating patients with cardiovascular disease (see 
Chapter 4). Electrocardiography is a highly versatile diagnostic 
test, providing information on a broad spectrum of clinical con-
ditions, ranging from metabolic disturbances (e.g., hypo- and 
hyperkalemia) and pharmacologic toxicity to ischemic heart 
disease (e.g., acute myocardial infarction [MI], unstable angina), 
arrhythmia, and pericardial disease (see Chapter 4). With such 
versatility, this simple-to-perform test is cost effective.

In the investigation of suspected or known arrhythmias, 
Holter electrocardiographic monitoring augments the resting 
ECG by allowing correlation of patient symptoms to the rhythm 
disturbance and the subsequent monitoring of the patient’s 
response to treatment. This can be in the form of a continuous 

24- to 72-hour monitor, a patient-activated event monitor worn 
for 1 to 4 weeks, or a subcutaneous Reveal device (up to 2 years). 
Continuous ST-segment monitoring also collects prognostic 
data on patients who have had a coronary event.

Exercise ECG is a relatively inexpensive investigation used 
in the diagnosis and management of coronary artery disease 
(CAD). However, with a sensitivity of approximately 67% and 
a specificity of 84% for the detection of significant CAD in an 
optimal setting (and much lower accuracy reported in other 
settings), the main value of exercise ECG lies in excluding CAD 
in patients who have a moderate or low pre-test probability of 
significant coronary stenoses. The risk of false-negative results 
in patients with a high pre-test probability of CAD is relatively 
high; these patients should be referred for a more sensitive test 
such as coronary angiography.

Biochemical Markers

Serum troponin T and I are highly sensitive and specific markers 
for myocardial injury that are widely accepted as the standard 
biomarkers for the diagnosis of MI. Elevated troponin levels 
predict mortality in acute coronary syndromes as well as other 
diseases, including heart failure, renal failure, and sepsis. In 
acute MI, serum troponin levels rise after 2 to 3 hours, become 
detectable in the bloodstream at 6 to 12 hours, and remain 
elevated for up to 14 days. Caution interpreting positive tropo-
nin results should be used, however, because of the wide range 
of nonischemic cardiac and noncardiac conditions that can cause 
elevated serum concentrations. These conditions are numerous 
and include tachyarrythmia, myocarditis, direct current cardio-
version, renal failure, sepsis, pulmonary embolism, and stroke. 
The other main caution in interpretation is an understanding of 
the details of the test used locally; the many commercially avail-
able assays have different upper limits of normal.

Brain natriuretic peptide and its co-secreted N-terminal 
fragment are useful in the diagnosis of acute heart failure in an 
emergency department and management of chronic heart failure 
in a primary care setting. They may be useful to establish prog-
nosis in heart failure, in that both markers are typically higher 
in patients with worse outcomes. Although they are highly sen-
sitive and therefore have very few false-negative results, they 
unfortunately lack the specificity needed to exclude false- 
positive results and are often therefore used as a “rule out” test 
for heart failure. Serum levels are elevated in patients with renal 
failure, because both peptides are renally excreted. Results 
should be interpreted in the clinical context, and positive results 
should invariably be followed by functional imaging such as an 
echocardiogram to formally assess cardiac function.

Echocardiography

Echocardiography provides a versatile and cost-effective method 
for assessing cardiac anatomy and function (see Chapter 6). The 
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greatest values of echocardiography are the capacity for simul-
taneous assessment of valvular, pericardial, myocardial, and 
extracardiac abnormalities. Because complex image processing 
is not needed, the results of the study are immediately available 
to the experienced echocardiographer. In addition, it is possible 
to perform echocardiography on critically ill patients who 
cannot be moved, or in other circumstances when a portable 
test is preferable. For these reasons, echocardiography is the 
preferred screening imaging test for further assessing suspected 
myocardial dysfunction. Moreover, the use of Doppler echocar-
diography (Doppler) to measure flow allows the measurement 
of peak velocity across valves, the mapping of regurgitant jets, 
the estimation of pulmonary artery pressures, and the detection 
of shunts (e.g., ventricular and atrial septal defects). The severity 
of valvular heart disease and its contribution to the clinical 
presentation can be determined immediately. For patients with 
chest pain, congestive heart failure, or arrhythmias, echocar-
diography provides a rapid means of determining underlying 
cardiovascular function.

Transesophageal echocardiography adds to the sensitivity  
of transthoracic echocardiography, because views of the heart 
are not impeded by artifact related to the lungs or chest wall 
(Figs. 3-1 and 3-2). In addition, transesophageal echocardiogra-
phy allows visualization of structures that are usually not well 
seen by transthoracic echocardiography (e.g., the left atrial 
appendage). The development of transesophageal echocardiog-
raphy has also been an important advance in the management 
of patients who are undergoing cardiothoracic surgery, provid-
ing information on left ventricular (LV) function and the success 
of valvular repair. In addition, transesophageal echocardiogra-
phy may allow a more accurate determination of valvular dys-
function and assessment for bacterial endocarditis, intracardiac 
thromboses, or both.

In addition to its usefulness in assessing valvular heart  
disease, echocardiography provides information on regional 
wall motion abnormalities suggestive of myocardial ischemia  

or necrosis in patients with CAD. The addition of pharmaco-
logic or exercise-induced stress to detect inducible ischemia 
provides increased sensitivity and specificity compared with 
ECG exercise testing (Fig. 3-3, upper panel). In 21 studies, the 
sensitivity of exercise stress echocardiography averaged 84% 
(range 71% to 97%) and the specificity averaged 86% (range 
64% to 100%). The use of echocardiography can be limited  
by technical considerations, including an inability to obtain 
diagnostic images in some patients (an estimated 15%). Stress 
echocardiography is indicated for individuals who have an inter-
mediate prior probability of CAD and for individuals with 
abnormal ECGs or who are prescribed medications that can 
cause ECG abnormalities with stress (such as digoxin). In either 
of these cases the predictive value of exercise ECG is substan-
tially reduced, justifying the use of an imaging technique  
during stress.

CONTrAST EChOCArdIOgrAPhy

Injection into the circulation of contrast agents that reflect 
ultrasound (either agitated saline or microspheres) helps dem-
onstrate intracardiac shunts, improves resolution of cardiac 
structures, and enhances spectral Doppler signals of flow-
through heart valves (see Fig. 3-3, lower panel). Although con-
trast echocardiography is not indicated for all patients, it can 
allow quantification of the severity of an intracardiac shunt, 
thereby indicating whether invasive testing (cardiac catheteriza-
tion) or surgery is needed. It can also improve border detection 
within the left ventricle allowing more accurate assessment of 
LV function.

TISSuE dOPPlEr

The processing of Doppler signals reflected by the myocardium 
gives two-dimensional directional information that allows better 
visualization of the endocardium and assessment of ventricular 

Figure 3-1 Transesophageal echocardiography.
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Figure 3-2 Transesophageal echocardiography: Positions.
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wall motion. Tissue Doppler is helpful for the assessment of 
regional wall abnormalities at rest or with stress as well as being 
a useful adjunct in assessing diastolic dysfunction. Though not 
needed in every study, tissue Doppler can be extremely useful 
in difficult-to-image individuals.

ThrEE-dIMENSIONAl EChOCArdIOgrAPhy

This relatively new extension to echocardiography technology 
allows the visualization of cardiac structures in three dimensions 
over time. Three-dimensional echocardiography (3D echo)  

can be performed using either modified transthoracic or trans-
esophageal probes. It can provide high-quality images of struc-
tural abnormalities, valves, and shunts that can be especially 
useful in congenital abnormalities. It is technically difficult to 
perform and is mainly used in specialist centers for LV function 
analysis and preoperative visualization of the mitral valve.

Radionuclide Testing

Radionuclide imaging assesses LV function and detects induc-
ible ischemia secondary to CAD. As described in Chapter 7, 
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Figure 3-3 Exercise and contrast echocardiography.
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quantitative assessment of right and left ventricular ejection 
fractions (EFs) is highly accurate with this technique and can be 
related to long-term prognosis.

Stress (exercise or pharmacologic) radionuclide myocardial 
perfusion imaging (MPI) in patients with suspected CAD yields 
a sensitivity of approximately 85% to 90%. When gated SPECT 
is used, the specificity for excluding CAD is approximately 90%. 
Thus, radionuclide imaging is more specific and sensitive in 
detecting significant CAD than is exercise ECG testing and  
(like exercise echocardiography) has particular value when the 
resting ECG is abnormal and when patients are unable to 
achieve more than 85% of their maximum predicted heart rate 
because of locomotor or other reasons. The accuracy for  
diagnosing CAD is probably similar to the accuracy of stress 
echocardiography, and the choice often depends on study  
availability and frequency of use at a given center. One  

advantage of stress MPI is that the number of patients  
for whom this imaging technique cannot be used is small. In 
addition, stress radionuclide MPI has a proven role in predicting 
future cardiac events and, importantly, is able to predict a low 
mortality and subsequent infarction rate in patients with  
a totally normal scan. The use of certain radioactive tracers 
(such as thallium) leads to a high false-positive rate; therefore, 
technical considerations are paramount when performing and 
interpreting such scans. In general, the indications for stress 
MPI are similar to those for stress echocardiography: an inter-
mediate prior probability of disease, an abnormal baseline ECG, 
or both. Both tests are also useful for patients who cannot exer-
cise adequately, because pharmacologic agents can be used to 
induce stress.

PET, on its own or in combination with cardiac CT  
(PET-CT), is still used mainly as a research technique. It  
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does, however, have validated clinical applications; quantitative 
assessment of perfusion using rubidium-82 or 13NH3 has a sen-
sitivity of 92% and a specificity of 90% for the detection of 
significant proximal CAD. The other main clinical use is the 
assessment of myocardial viability before planned revasculariza-
tion, using 18-fluorine labeled 2-deoxy-2-fluoro-D-glucose 
(18FDG; Fig. 3-4). Mainstream clinical use of PET is limited by 
availability, technical complexity, and high cost.

Radionuclide imaging carries a relatively high radiation 
burden and in many centers is being replaced with either stress 
echocardiography or stress cardiac MRI, which do not use ion-
izing radiation (see below).

Figure 3-4 Cardiac positron emission tomography (PET). 18Fdg, 
18-fluorine labeled 2-deoxy-2-fluoro-d-glucose; MBF, 
myocardial blood flow.

13NH3 MBF 18FDG Glucose

Before Revascularization

Plane 1

Plane 2

Plane 3

Plane 4

Rest PET Scintigraphy

This is an example of a mismatch pattern on PET. The pattern was found 
in a patient who had a significant anterior perfusion abnormality on 
13NH3 imaging for assessment of MBF, but who demonstrated significant 
uptake of 18FDG in the anterior wall.  This pattern is indicative of 
hypoperfused but metabolically active hibernating myocardium. 

Image courtesy of Heinrich R. Schelbert, MD, PhD, FACC.

Cardiac MRI in the four-chamber long-axis view 
demonstrating midventricular variant of 
hypertrophic cardiomyopathy

Hyperenhanced cardiac MRI used to detect 
myocardial viability in a patient with subtotally 
occluded left anterior descending and RCA and an 
ejection fraction of 30%. Myocardial scarring 
shows up as bright contrast in this technique, and 
this study shows normal myocardial viability 
despite the presence of multivessel coronary artery 
disease and left ventricular dysfunction. 

Figure 3-5 Cardiac magnetic resonance imaging (MRI). rCA, 
right coronary artery.

Magnetic Resonance Imaging

MRI is a relatively safe and extremely sensitive imaging modal-
ity that is superior to other noninvasive investigations in diag-
nosing congenital heart disease, diseases of the aorta, anomalous 
coronary arteries, and right ventricular dysplasia (Fig. 3-5). It is 
also now the accepted gold standard test for assessing left and 
right ventricular volumes, regional and global function as  
measured by EF, with a reproducibility of ±2.5% under 
experimental conditions. The role of MRI has been further 
extended to evaluation of myocardial perfusion both at rest and 
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under pharmacologic stress using gadolinium-based contrast 
agents. MRI can be useful in assessing myocardial viability 
before planned revascularization, because it can accurately visu-
alize wall thickness throughout the left ventricle, allowing an 
assessment of whether normal wall thickening occurs with 
systole. It is now also possible to assess viability in areas of previ-
ous infarction using late gadolinium enhancement (Fig. 3-6), 
which accurately delineates scar from normal myocardium, even 
in areas of the left ventricle where the wall is thinned.

Advances in MRI contrast agents and imaging technology 
have led to the development of “coronary magnetic resonance 
angiography” capable of imaging the major coronary arteries; 
however, this is unlikely to outperform either standard coronary 
angiography or CT coronary angiography because of the physi-
cal limitations in temporal resolution. The use of MRI is limited 
because of the cost and availability of scanners capable of gating 
the image to the ECG (which is necessary to resolve cardiac 
structure) and because an increasing number of patients have 
permanent pacemakers or implantable defibrillators that are 
currently absolute contraindications for MRI.

Thus, for obtaining anatomic information, most cardiolo-
gists advocate transthoracic echocardiography as a first step, 
followed by either transesophageal echocardiography or MRI if 
better definition of the cardiac structures is needed. For assess-
ment of CAD, stress ECG would be used as a screening test 
only in individuals with a low pre-test probability of disease and 
a normal baseline ECG. Perfusion MRI, CT coronary angiog-
raphy, stress echocardiography, or MPI should be used for indi-
viduals who have an intermediate prior probability of disease, 
an abnormal baseline ECG, or both, or who are taking medica-
tions that could nonspecifically alter the ECG during exercise. 
Patients who are unable to exercise are also well suited for 
pharmacologic stress testing with echocardiographic, MRI, or 
nuclear imaging. For most individuals with a high pre-test 

probability of CAD, coronary angiography should be consid-
ered as an initial diagnostic step.

Computed Tomography

With the advent of multislice and dual-source CT scanners, the 
improvement in both spatial and temporal resolution has allowed 
this imaging modality to effectively visualize the heart, signifi-
cantly reducing the movement artifacts seen previously. This 
specifically allows imaging of the coronary arteries (Fig. 3-7) 
and significant stenoses within them and can be used in certain 
circumstances instead of coronary angiography. The positive 
and negative predictive values of CT angiography are approxi-
mately 82% and 93%, respectively, as compared with coronary 
angiography. It is therefore a useful test to rule out significant 
CAD in patients with low or intermediate pre-test probability, 
who have a contraindication to conventional coronary angiog-
raphy. The relatively large radiation dose (approximately 10 to 
15 mSv), though decreasing with technologic advances, does 
however mean some clinicians would prefer to use alternative 
tests such as stress echocardiography or stress MRI, which do 
not use ionizing radiation.

Cardiac Catheterization

Cardiac catheterization, considered the gold standard investiga-
tion for patients with CAD, allows the assessment of both  
coronary artery anatomy and LV function with very high spatial 
and temporal resolution (Fig. 3-8). Historically, cardiac cathe-
terization provided the only means of measuring hemodynamic 
parameters (e.g., pressure and oxygen saturation) within various 
heart chambers to assess cardiac anatomy and physiology.  
Most of these techniques have been superseded by noninvasive 
tests already described. There are difficult situations, such as  
the assessment of some valvular lesions or the differentiation  
of pericardial constriction from myocardial restriction (see 
Chapters 10, 20, and 43), that still often require cardiac 
catheterization.

Today, the most common use of cardiac catheterization is in 
conjunction with coronary angiography for anatomic delinea-
tion of CAD and LV function in anticipation of revasculariza-
tion (Chapters 9 and 10). Because of its invasive nature, coronary 

Figure 3-6 Magnetic resonance viability imaging.

This is a short-axis late gadolinium enhanced cardiac magnetic 
resonance image taken at the level of the mid ventricle.  It shows an area 
of increased signal intensity in the lateral wall, indicating a previous 
subendocardial myocardial infarction.

Image courtesy of Dr. Mark A. Westwood and Dr. L. Geri Davies, the 
London Chest Hospital, UK.

Figure 3-7 Computed tomography (CT) coronary angiography.

This is a multiplanar reconstruction (MPR) of a 64-slice cardiac CT scan 
showing the right coronary artery projected in (A) axial, (B) coronal, and  
(C) saggital views.  It shows multiple calcified plaques (arrows) but the 
lumen of the artery is unobstructed.

A B C
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angiography carries a 0.1% risk of a major adverse cardiovascu-
lar event in most laboratories; for this reason, it is often per-
formed after a positive or equivocal noninvasive test. However, 
the sensitivities and specificities of stress echocardiography, 
MPI, and stress cardiac MRI are such that a patient with a high 
pre-test probability of CAD would be at risk for a false-negative 
noninvasive test. For these individuals, coronary angiography 
should be the initial diagnostic test. Coronary angiography  
is required before revascularization, by either percutaneous 
approaches or bypass surgery.

Based on the direct access to the coronary arteries provided 
by coronary angiography, new techniques have been developed 
to provide increased accuracy in the diagnosis of coronary  
heart disease. Intravascular ultrasound provides high-resolution 
images of the coronary arterial wall and has greater sensitivity 
in identifying the extent of coronary atheroma than does coro-
nary angiography alone (see Chapter 9). In particular, intravas-
cular ultrasound emphasizes the importance of the “burden” of 
plaque that extends toward the adventitia rather than encroach-
ing on the lumen. Functional information about the physiologic 
impact of a coronary stenosis is obtainable through measure-
ments of blood flow and pressure drop across these lesions with 
miniaturized pressure and Doppler transducers on the ends of 
guide wires. These measurements correlate with long-term 
prognosis and thus provide a means of targeting therapy on 

physiologic as well as anatomic grounds. Thus, in an individual 
with compelling symptoms, a noninvasive test diagnostic of 
myocardial ischemia, or both, but with only moderate stenoses 
by coronary angiography, intravascular ultrasound and/or 
Doppler flow measurements may be indicated to ascertain 
whether a moderate stenosis by angiography is functionally 
important and a candidate lesion for revascularization.

Electrophysiology Studies

Although resting ECG and Holter monitoring often provide 
diagnostic information on the conditions of patients presenting 
with palpitations or syncope, electrophysiology studies have a 
role in diagnosing the conditions of patients in which a cardiac 
etiology is unclear. Invasive stimulation studies are used to diag-
nose both ventricular and supraventricular arrhythmias and to 
test the integrity of the conduction system in patients with 
syncopal episodes (see Chapter 33).

avoiDing DiagnosTic  
TesTing errors

Whichever test(s) you use in your diagnostic workup, it is not 
uncommon to get unexpected or surprising results. This can 
cause confusion, especially if the result does not fit the clinical 

Figure 3-8 Left-sided heart catheterization.
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picture. There is obviously the possibility that the result is 
incorrect, being either false positive or false negative, as dis-
cussed. There is also the possibility of detecting bystander 
disease that may be unrelated to the disease process being inves-
tigated (e.g., features of hypertrophic cardiomyopathy being 
identified on a viability/perfusion cardiac MRI scan for coronary 
disease). It may, however, still not explain the findings, in which 
case it is essential to revisit the history and clinical examination, 
because these can provide a wealth of useful information. It  
must be remembered that tests are always an adjunct to clinical 
history and examination, and sometimes the addition of more 
complex cardiac investigations does not lead to an improvement 
in diagnostic capability.

FUTUre DirecTions

The near future in cardiac testing lies with improvements in 
current technology, allowing safer, more accurate tests to guide 
the physician in patient care. Cardiac CT, with more sources 
and slices, will allow increases in temporal and spatial resolution, 
respectively, while reducing the overall radiation dose. This 
should improve the accuracy of assessing coronary disease  
and potentially allow plaque characterization. Cardiac MRI  
will become more widespread as the number of scanners 
increases and the body of evidence builds further. This modality 
will more than likely replace the common use of radionuclide 
imaging for assessment of LV function and myocardial perfu-
sion. The potential for coronary visualization exists and will 
undoubtedly continue to be refined for clinical use. There is 
further promising work in MRI spectroscopy coils, allowing the 
assessment of metabolic function as well as perfusion and viabil-
ity. Pacemakers and implantable cardiac defibrillators will prob-
ably be made MRI “safe,” allowing the scanning of this important 
patient group.

With the advent of more powerful computers, real-time 3D 
echo will become widely available; the exact indications for its 
use, however, are yet to be determined, since it lacks large vali-
dation studies. New testing modalities will undoubtedly appear, 
but the reader is cautioned to wait until these are validated for 
the clinical question being asked before being tempted to adopt 
them into clinical practice.
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Electrocardiography

Leonard S. Gettes

I t is now more than 100 years since the Dutch physiologist 
Willem Einthoven recorded the first ECG from humans. 

Although the number of recording leads has increased from 3 
to at least 12 and the recording instruments have evolved into 
sophisticated automated digital recorders capable of recording, 
measuring, and interpreting the electrocardiographic waveform, 
the basic principles underlying the ECG are unchanged. The 
electrocardiograph is basically a voltmeter that records, from 
the body surface, the uncanceled voltage gradients created as 
myocardial cells sequentially depolarize and repolarize.

The ECG is the most commonly used technique to detect 
and diagnose heart disease and to monitor therapies that influ-
ence the heart’s electrical activity. It is noninvasive, virtually  
risk free, and relatively inexpensive. Since its introduction,  
a large database has been assembled correlating the ECG  
waveform recorded from the body surface to the underlying 
electrical activity of individual cardiac cells on the one hand,  
and to the clinical presentation of the patient on the other, 
thereby providing insight into the electrical behavior of the 
heart and its modification by physiologic, pharmacologic, and 
pathologic events.

LEads

Twelve leads are routinely used to record the body surface 
ECG: three bipolar limb leads labeled I, II, and III; three aug-
mented limb leads labeled aVR, aVL, and aVF; and six unipolar 
chest leads labeled V1 through V6 (Fig. 4-1). In the bipolar limb 
leads, the negative pole for each of the leads is different, whereas 
in the unipolar chest leads, the negative pole is constant and 
created by the three limb leads. This is referred to as Wilson’s 
central terminal. The positive chest lead is, in effect, an exploring 
lead that can be placed anywhere. In children, the routine ECG 
often includes leads placed on the right side of the chest in posi-
tions referred to as V3R and V4R. Similar right-sided chest leads 
are often used in adults to diagnose right ventricular infarction, 
and one or more leads placed on the back are sometimes used 
to diagnose posterior wall infarction.

The chest leads are relatively close to the heart and are influ-
enced by the electrical activity directly under the recording 
electrode. This is in contrast to the limb leads in which the 
electrodes are placed outside of the body torso. Changes in the 
position of an individual chest lead or the relationship between 
the chest leads and the heart may cause significant changes  
in the ECG pattern. For instance, if the patient is in a sitting 
rather than a supine position, the relationship of the various 
chest leads to the heart will change and the ECG waveform 
recorded by the chest leads may be altered. Similarly, if a chest 
lead is placed an interspace too high or too low, the ECG wave-
form recorded by that lead will change. For this reason, when 
serial ECGs are recorded, it is important that lead placement 
be consistent and reproducible. In contrast, limb leads may be 
placed anywhere on the various limbs with little significant 

alteration of the ECG waveform. However, when they are 
placed within the body torso, as is the case during exercise 
testing and when patients are monitored in critical care areas, 
the waveform recorded by the limb leads will be affected.

ELEctrocardiographic WavEform

The ECG waveform consists of a P wave, a PR interval, the 
QRS complex, an ST segment, and T and U waves. The rela-
tionship of these waveform components to the underlying action 
potentials of the various cardiac tissues is shown in Figure 4-2A, 
as is an example of a normal 12-lead ECG in Figure 4-2B. The 
P wave reflects depolarization of the atria, the QRS complex 
reflects depolarization of the ventricles, and the ST segment and 
T wave reflect repolarization of the ventricles. The U wave 
occurs after the T wave and is thought to be an electromechani-
cal event coupled to ventricular relaxation.

Depolarization of the sinus node occurs before the onset  
of the P wave, but its voltage signal is too small to be recorded 
on the body surface by clinically used electrocardiographic 
machines and the event is electrocardiographically silent. Simi-
larly, the electrical activity of the atrioventricular (AV) junction 
and the His-Purkinje system, which occur during the PR inter-
val, is electrocardiographically silent.

P Wave

The P wave is caused by the voltage gradients created as the 
atrial cells sequentially depolarize. The shape and duration of 
the P wave are determined by the sequence of atrial depolariza-
tion and the time required to depolarize the cells of both atria. 
The sinus node is located at the junction of the superior vena 
cava and the right atrium, and the direction of atrial depolariza-
tion, from right to left, from superior to inferior, and from 
anterior to posterior reflects this geography. This results in a  
P wave that is characteristically upright or positive in leads I, II, 
V5, and V6 and inverted or negative in lead aVR. In lead V1, the 
P wave may be upright, biphasic, or inverted. The amplitude 
and duration of the normal sinus P wave may be affected by 
atrial hypertrophy and dilation and by slowing of interatrial and 
intra-atrial conduction.

Impulses arising from an ectopic atrial focus are associated 
with P waves whose shape depends on the location of the focus. 
If the abnormal focus is in close proximity to the sinus node, 
the sequence of atrial activation will be normal or nearly normal, 
and the P wave will resemble the normal sinus P wave. The 
more distant the ectopic focus is from the sinus node, the more 
abnormal will be the sequence of atrial activation and the P-wave 
configuration. For instance, impulses originating in the inferior 
portion of the atrium or within the AV node will depolarize the 
atria in a retrograde, superiorly oriented direction and will be 
associated with the P waves that are inverted in leads II, III, and 
aVF and upright in lead aVR (Fig. 4-3).
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figure 4-1 Electrocardiographic leads and reference lines. ECG, electrocardiogram.

PR Interval

The PR interval extends from the onset of the P wave to the 
onset of the QRS complex and includes the P wave and the PR 
segment (the segment from the end of the P wave to the onset 
of the QRS), which consists of atrial repolarization and depo-
larization of the AV node and His-Purkinje system. The PR 
interval is prolonged by factors that slow AV nodal conduction, 
such as a decrease in sympathetic tone or an increase in vagal 
tone, by drugs that have these effects such as digitalis and  
the β-adrenergic blocking agents, and by a variety of inflamma-
tory, infiltrative, and degenerative diseases that affect the AV 
junction. The PR interval is shortened when impulses bypass 
the AV node and reach the ventricles via an AV nodal bypass 
tract to cause ventricular preexcitation (Wolff-Parkinson-White 
syndrome).

QRS Complex

The QRS complex reflects ventricular depolarization. The 
interventricular septum is the first portion of the ventricle to  
be depolarized. Thereafter, the impulse spreads through the 
His-Purkinje system and then depolarizes the ventricles simul-
taneously, from apex to base and from endocardium to epicar-
dium. Because the left ventricle is three times the size of  
the right, its depolarization overshadows and largely obscures 
right ventricular depolarization. The QRS complex reflects  
this left ventricular dominance, and for this reason, the QRS 
complex is usually upright or positive in leads I, V5, and V6, the 
left-sided and more posterior leads, and negative or inverted  
in aVR and V1, the right-sided and more anterior leads. It 
is only in situations such as right bundle branch block and sig-
nificant right ventricular hypertrophy that the electrical activity 
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figure 4-2 (a) Relation of action potential from the various cardiac regions to the body surface electrocardiogram (ECG). (B) Normal 
ECG.
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Example of a normal ECG recorded from a 24-year-old woman. Note that 
the P wave is upright in leads I and II and inverted in aVR. The QRS 
complex gradually changes from negative to V1 to positive V6. Note that the 
polarity of the T wave is similar to that of the QRS complex.
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figure 4-3 Ectopic atrial rhythm.

Electrocardiogram showing an ectopic atrial rhythm. It was recorded 
from a 59-year-old man. The polarity of the P wave is abnormal. It is 
inverted in leads II, III, and aVF and upright in lead aVR.
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associated with right ventricular depolarization is identified on 
the ECG.

The QRS complex is altered in both shape and duration by 
abnormalities in the sequence of ventricular activation. These 
include the bundle branch blocks (Fig. 4-4A), the fascicular 
blocks, ventricular preexcitation (Fig. 4-4B), nonspecific intra-
ventricular conduction disturbances, and ectopic ventricular 
beats (Fig. 4-4C). The increase in QRS duration may range 
from a few milliseconds, as in the case of fascicular blocks, to 
more than 40 milliseconds, as with bundle branch blocks. The 
fascicular blocks reflect conduction slowing in one fascicle of 
the left bundle and are characterized by a shift in electrical axis 
and subtle changes in the initial portion of the QRS complex. 
The bundle branch blocks are caused by conduction slowing  
or block in the right or left bundle branch, usually caused by 
fibrosis, calcification, or congenital abnormalities involving  
the conducting system. They are associated with more pro-
nounced abnormalities in the sequence of ventricular activation 
than are the fascicular blocks and thus with more significant 
changes in the QRS configuration. Intraventricular conduction 
abnormalities may also occur without a change in QRS configu-
ration and reflect slow conduction without a change in the 

sequence of activation. Such slowing may be caused by cardioac-
tive drugs, an increase in extracellular potassium concentration, 
and diffuse fibrosis or scarring as may occur in patients with 
severe cardiomyopathies.

The electrocardiographic criteria for the diagnosis of  
intraventricular conduction disturbances have been published. 
Important features include the following:

1. The fascicular blocks, by altering the initial portion of  
the QRS complex as well as the electrical axis in the frontal 
plane, may obscure the diagnosis of a prior myocardial infarc-
tion (MI) while causing other changes that can simulate an 
infarction.

2. Right bundle branch block does not affect the initial portion 
of the QRS complex, because activation of the interventricu-
lar septum and the left ventricle are unaffected. Thus, the 
electrocardiographic changes of a prior MI or left ventricular 
hypertrophy can still be appreciated.

3. Left bundle branch block and ventricular preexcitation  
do affect the initial portion of the QRS complex. Thus, the 
ECG changes associated with a prior MI and hypertrophy 
can be obscured or, as frequently occurs with ventricular 
preexcitation, can be mimicked.

4. Abnormalities in the sequence of depolarization are always 
associated with abnormalities in the sequence of repolariza-
tion. This results in secondary changes in the ST segment 
and T wave. This is particularly prominent in the setting  
of left bundle branch block and ventricular preexcitation  
(see Figs. 4-4A and B).

5. Changes in intraventricular conduction may be rate depen-
dent and present only when the rate is above a critical  
level or after an early atrial premature beat. In this situation 
it is referred to as rate-dependent aberrant ventricular 
conduction.

6. The shape and duration of the QRS complex of ectopic 
ventricular beats will be influenced by the site of the ectopic 
focus just as the shape and duration of atrial ectopic beats are 
influenced by their site of origin.
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figure 4-4 (a) Left bundle branch block. (B) Ventricular preexcitation. (c) Ventricular premature beats. (d) Electrocardiogram (ECG) 
changes of left ventricular (LV) hypertrophy.
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(A) Electrocardiogram showing left bundle branch block. It was recorded from a
73-year-old man. Note that the QRS complex is diffusely widened and is notched 
in leads V3, V4, V5, and V6. Note also that the T wave is directed opposite to
the QRS complex. This is an example of a secondary T-wave change. 

(B) ECG showing ventricular preexcitation. It is recorded from a 28-year-old woman.
Note the short PR interval (0.9 seconds) and the widened QRS complex (0.134
seconds). The initial portion of the QRS complex appears slurred. This is referred
to as a delta wave. This combination of short PR interval and widened QRS
complex with a delta wave is characteristic of ventricular preexcitation. Note
also that the T wave is abnormal, another example of a secondary T-wave change.    
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Ventricular premature beats

(C) Ventricular premature beats recorded from a 30-year-old man with no known
heart disease.

ECG changes of LV hypertrophy

(D) Example of the ECG changes of LV hypertrophy. It is recorded from an
83-year-old woman with aortic stenosis and insufficiency. Note the increase in
QRS amplitude, the slight increase in QRS duration to 100 ms, and the ST-segment
and T-wave changes.

The amplitude of the QRS complex is subject to a variety  
of factors including the thickness of the left ventricular and  
right ventricular walls, the presence of pleural or pericardial 
fluid, or an increased tissue mass. QRS amplitude is also affected 
by age, sex, and race. For instance, younger individuals have 
greater QRS voltages than older individuals, and men have 
greater QRS voltages than women. In left ventricular hypertro-
phy, the R wave in the left-sided leads (V5 and V6) and the S 
wave in the right-sided chest leads (V1 and V2) are increased. 
QRS duration may increase, reflecting the increased thickness 
of the left ventricle and there may be changes in repolarization 
causing changes in the ST segment and T wave (Fig. 4-4D). 
Right ventricular hypertrophy is more difficult to diagnose  
electrocardiographically. Initially it causes cancellation of left 
ventricular forces, resulting in a decrease in S-wave amplitude 
in the right-sided leads V1 and V2 and a decrease in R-wave 
amplitude in the left-sided lead V5 and V6. With more advanced 
right ventricular hypertrophy, an increased R wave occurs in  
the right-sided leads, and a deeper S wave is seen in the  
left-sided leads. Pericardial and pleural effusions decrease  
QRS voltage in all leads, as may infiltrative diseases such as 
amyloidosis.

ST Segment and T Wave

The ST segment and T wave reflect ventricular repolarization. 
During the ST segment, the ventricular action potentials are at 
their plateau voltage and only minimal voltage gradients are 
generated. Therefore, the ST segment is at the same voltage 
level as (i.e., is isoelectric with) the TP and PR segments, during 
which time there are also no voltage gradients created because 
the action potentials are at their resting levels. The T wave  
is caused by the voltage gradients created as the ventricular  
cells rapidly and sequentially repolarize. If the sequence of repo-
larization were the same as the sequence of depolarization, the 
T wave would be opposite in direction to the QRS complex. 
However, the sequence of repolarization is reversed relative  
to the sequence of depolarization. As a result, the normal  
T wave is generally upright or positive in leads with an upright 
or positive QRS complex (leads I, V5, and V6) and inverted or 
negative in leads with an inverted QRS complex (aVR and V1) 
(see Fig. 4-2B).

Abnormalities in repolarization are manifest by elevation or 
depression of the ST segment and changes in polarity of the T 
wave. As mentioned, such changes may be secondary to intra-
ventricular conduction disturbances, or they may be due to 
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primary changes in repolarization, occurring as the result of 
electrolyte abnormalities or cardioactive drugs, or as the mani-
festation of diseases such as hypertrophy, ischemia, or myocar-
ditis. Changes in T-wave polarity occurring in the absence of 
QRS and ST-segment changes are among the most difficult 
ECG abnormalities to interpret because they are nonspecific 
and may result from a variety of nonpathologic as well as patho-
logic causes. The following guidelines have served as an approach 
to interpreting T-wave abnormalities:

1. In general, T-wave amplitude should be equal to or greater 
than 10% of the QRS amplitude.

2. Inverted T waves in lead I are always abnormal and usually 
indicative of underlying cardiac pathology.

3. Minor T-wave changes such as T-wave flattening or slightly 
inverted T waves, particularly when they occur in the absence 
of known cardiac abnormalities or in populations at low risk 
for cardiac disease, are more likely to be nonspecific and 
nonpathologic than more marked T-wave changes or T-wave 
changes occurring in the presence of cardiac disease.

4. Flat or inverted T waves often occur in association with rapid 
ventricular rates and in the absence of other ECG changes. 
These changes are nonspecific and not indicative of underly-
ing cardiac disease.

Elevation or depression of the ST segment indicates the 
presence of voltage gradients during the plateau and/or resting 
phases of the ventricular action potential and are most often a 
manifestation of cardiac disease. Among the most common 
causes of ST-segment elevation are acute transmural ischemia 
and pericarditis. High serum potassium and acute myocarditis 
may also cause ST-segment elevation and simulate ischemia, 
although this is rare. A normal variant referred to as early repo-
larization is a fairly common cause of ST elevation, particularly 
in young males. These changes characteristically occur in the V 
leads, involve elevation of the junction of the ST segment with 
the end of the QRS complex, and may simulate acute ischemia 
or pericarditis.

Left ventricular hypertrophy, cardioactive drugs, low serum 
potassium, and acute nontransmural or subendocardial ischemia 
are the most common causes of ST-segment depression.

U Wave

The U wave follows the T wave or may arise within the terminal 
portion of the T wave and be difficult to distinguish from a 
notched T wave. It is most easily seen in leads V2 to V4. An 
increase in U-wave amplitude is frequently associated with 
hypokalemia (Fig. 4-5A) and with some direct-acting cardiac 
drugs. Notching of the T wave resembling an increase in the 
U-wave amplitude and lengthening of the QT-U interval also 
often occurs in patients with congenital long QT syndrome 
(Fig. 4-5B).

Qt aBnormaLitiEs

The QT interval is measured from the onset of the Q wave  
to the end of the T wave and is slightly longer in females than 
in males. Changes in the duration of the QRS complex, the  
ST segment, and/or the T wave alter the QT interval. The  
QT interval is rate dependent, reflecting the rate-dependent 
changes in the duration of the action potential. It shortens at 
faster heart rates and lengthens at slower rates. To accommo-
date this rate dependency, several correction factors have been 
applied to the measured QT interval and used to generate the 
corrected QT interval (QTc). The QT interval is also influ-
enced by a variety of other factors including (but not limited  
to) temperature, drugs, electrolyte abnormalities, neurogenic 
factors, and ischemia.

There is an extensive and ever-increasing list of drugs that 
lengthen the QT interval by prolonging the ST segment or the 
T wave, and it is often necessary to monitor the ECG when 
drugs recognized as having the potential for lengthening the 
QT interval are initiated. This is clinically important because 
lengthening of the QT interval following administration of 
these drugs may be a harbinger of a specific type of ventricular 

figure 4-5 (a) Electrocardiogram (ECG) changes associated with hypokalemia. (B) Congenital long QT syndrome.
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(A) Example of the changes associated with hypokalemia. It is
recorded from a 44-year-old man who was receiving long-term
thiazide therapy. The QT interval is prolonged due to the presence
of a U wave, which interrupts the descending limb of the T wave
and is of equal amplitude to the T wave. In this patient, the serum
potassium concentration was 2.7 mM.
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(B) Recorded from a 16-year-old girl with syncopal episodes that were
documented to be due to rapid ventricular tachycardia. It is an example
of long QT syndrome. The T wave is notched and prolonged in much
the same way as was shown in the patient with hypokalemia.
However, in this patient, the serum potassium concentration was normal.

Congenital long QT syndrome
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tachycardia, torsades de pointes, which may progress to ven-
tricular fibrillation.

Low serum potassium and low serum calcium are both asso-
ciated with prolongation of the QT interval. However, their 
electrocardiographic patterns are different and distinctive. As 
mentioned, low potassium causes ST-segment depression 
T-wave changes, a prominent U wave, and prolongation of the 
QT-U interval (Fig. 4-6A), whereas low calcium lengthens the 
ST segment, usually without causing significant T-wave changes 
(Fig. 4-6A). Marked elevations in serum potassium (usually 
above 6.5 mM) may cause prolongation of the QRS complex. 
Increases in serum potassium and in serum calcium shorten the 
QT interval by shortening the ST segment. High potassium 
also shortens the duration of the T wave and makes it more 
symmetrical, giving it a tented or peaked appearance (Fig. 4-6B).

Abnormalities in one or more of the several genes that regu-
late the repolarizing currents are responsible for causing con-
genital long QT syndrome, a significant cause of ventricular 
arrhythmias that often lead to sudden cardiac death. The ECG 
changes associated with congenital long QT syndrome (see Fig. 
4-5B) are often difficult to distinguish from those caused by low 
potassium (see Fig. 4-5A) and low calcium (see Fig. 4-6A).

Marked QT prolongation and deeply inverted T waves occur 
frequently within the first several days following an acute MI, 

particularly when the infarction is due to occlusion of the left 
anterior descending coronary artery (Fig. 4-6C). This QT pro-
longation usually resolves within a day or two, although the 
T-wave inversion may persist for longer periods of time. Similar 
T-wave and QT-interval changes may occur in the chest leads 
following an acute ischemic event but in the absence of an 
infarction. This particular ECG pattern usually indicates a 
severely but not totally obstructed proximal portion of the left 
anterior descending coronary artery.

Some neurologic events, particularly intracranial hemor-
rhage and an increase in intracranial pressure, may cause T- 
wave inversion and dramatic lengthening of the QT interval, 
similar to that shown in Figure 4-6C. When it occurs in 
this clinical setting, it is called the cerebrovascular accident 
pattern and is thought to represent an imbalance of sympathetic 
stimulation. These ECG changes generally resolve within a  
few days.

acutE ischEmia and infarction

Acute myocardial ischemia and infarction cause a series of  
metabolic, ionic, and pathologic changes in the region supplied 
by the occluded coronary artery that cause characteristic  
changes in the ST segment, QRS complex, and T wave (Fig. 
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(A) ST-segment and QT-interval changes associated with hypocalcemia. 
It is recorded from a 53-year-old man with chronic renal disease. The ST
segment is prolonged, but the T wave is normal. The QT interval reflects
ST-segment lengthening and is prolonged.

(C) T-wave changes induced by a recent ischemic event, recorded
from a 70-year-old man. The QT interval is prolonged and the T
waves are markedly inverted in the precordial leads (V1 through V6).
These changes gradually evolved over several days, and coronary
angiography recorded the day this tracing was taken revealed a
subtotal occlusion of the left anterior descending coronary artery.

Changes associated with hyperkalemiaST-segment and QT-interval changes associated with hypocalcemia

T-wave changes induced by a recent ischemic event
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(B) Example of the ECG changes associated with hyperkalemia.
It is recorded from a 29-year-old woman with chronic renal
disease. The P wave is broad and difficult to identify in some
leads. The QRS is diffusely widened (0.188 seconds) and the
T wave is peaked and symmetrical. These changes are
characteristic of severe hyperkalemia and, in this patient, the
serum potassium concentration was 8.2 mM. 

figure 4-6 (a) Hypocalcemia. (B) Electrocardiogram (ECG) changes associated with hyperkalemia. (c) T-wave changes induced by 
a recent ischemic event.
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figure 4-7 (a) Myocardial ischemia, injury, and infarction. (B) ST and T wave segment changes associated with acute ischemic event.
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Example of ST-segment changes associated with an acute ischemic
event. It is recorded from a 43-year-old man with chest pain. Note
the ST-segment elevation in leads V1, aVL, and V2 through V6,
and the ST-segment depression in leads III and aVF.
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During recovery (subacute and chronic stages) ST segment
often is first to return to normal, then T wave, due to
disappearance of zones of injury and ischemia

4-7A). The recognition of these changes permits the early diag-
nosis and prompt treatment—either thrombolytic therapy or 
percutaneous coronary revascularization—that can reverse isch-
emia and prevent the loss of myocardial cells and its sequelae.

The sequence of ECG changes associated with acute isch-
emia and infarction is as follows:

1. Peaking of the T wave
2. ST-segment elevation and/or depression
3. Development of abnormal Q waves
4. T-wave inversion

Peaking of the T waves in leads overlying the ischemic  
region is the earliest ECG manifestation of acute transmural 
ischemia and is transient. It is only rarely observed because  
the ECG is usually not recorded early enough to permit its 
detection unless the patient is in a hospital setting when isch-
emia first begins. ST elevation and depression are the most 
frequently observed early changes and develop within minutes 
of the onset of the acute event. The ST changes are caused by 
voltage gradients across the border between the ischemic and 
nonischemic regions that result in an electrical current, referred 
to as an injury current, flowing across the ischemic border. 
Whether these injury currents cause ST elevation or depression 
depends on the extent and location of the ischemic zone and the 
relationship of the ECG electrodes to the ischemic zone. In 
general, electrodes directly overlying a region of transmural 
ischemia will record ST elevation, whereas all other electrodes 
will record ST depression or no change in the ST segment  
(Fig. 4-7B).

Subendocardial ischemia, such as that associated with subto-
tal coronary occlusion and that which is often brought on by 
exercise in patients with flow-limiting coronary artery 

obstruction, does not extend to the epicardium. Thus, none of 
the body surface leads directly overlie the ischemic region, and 
ST depression, rather than ST elevation, is recorded.

The development of abnormal Q waves indicates slowed or 
absent conduction through the ischemic region and may last 
indefinitely. Abnormal Q waves that mimic those associated with 
infarction may also occur in other settings, particularly hypertro-
phy of the interventricular septum and intraventricular conduc-
tion disturbances, most notably ventricular preexcitation.

The various ECG changes in the setting of an acute ischemic 
event permit localization and an estimation of the extent of the 
ischemic or infarcted region and, by inference, identification of 
the occluded vessel.

arrhythmias

The ECG is indispensable for the diagnosis of cardiac arrhyth-
mias. For instance, abnormally rapid heart rates (>100 bpm) may 
have multiple causes, including sinus tachycardia, atrial and AV 
nodal re-entrant tachycardia (Fig. 4-8A), atrial flutter, atrial 
fibrillation (Fig. 4-8B), and ventricular tachycardia (Fig. 4-8C). 
The correct diagnosis is made by analysis of the rate and configu-
ration of the P wave, its relation to the QRS complexes, and the 
shape and duration of the QRS complex. Abnormally slow heart 
rates (<50 bpm) may also be caused by several entities, including 
sinus bradycardia or sinoatrial or AV block (Fig. 4-8D). Again 
the diagnosis can be established by noting the rate, regularity, 
and configuration of the P wave and QRS complexes, the rela-
tion of the P wave to the QRS complexes, and the PR interval.

Irregular rhythms may be due to atrial and ventricular pre-
mature beats (Figs. 4-8E and 4-4C), atrial fibrillation with a slow 
ventricular response, and incomplete (second-degree) sinoatrial 
or AV block (Fig. 4-8F).



38 SECTION I • Introduction

figure 4-8 (a) Atrioventricular (AV) nodal re-entrant tachycardia. (B) Atrial fibrillation. (c) Ventricular tachycardia. (d) Complete AV 
block. (E) Atrial premature beats. (f) Second-degree AV block (type I).
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(A) Lead V1 recorded from a patient with abnormal cardiac rhythms.
This tracing shows the onset of AV nodal reentrant tachycardia in a
47-year-old man. There are three sinus beats followed by an atrial
premature beat, which initiates a run of AV nodal reentrant
tachycardia, with a rate of 170 beats/min. 

(B) Example of atrial fibrillation in a 50-year-old woman. Note the
undulating baseline and the irregularly irregular QRS complexes,
with a rate of 105 beats/min.  

(C) Ventricular tachycardia with a rate of 150 beats/min from a
56-year-old man. The QRS complex is widened, and there is AV
disassociation. The P waves, with an atrial rate of 73 beats/min,
are marked with an asterisk.

(D) Complete AV block from a 78-year-old woman. The atrial rate is
70 beats/min, and the ventricular rate is 46 beats/min. There is no
relation between the P waves (marked with an asterisk) and the
QRS complexes. 

(E) Atrial premature beats (shown with an arrow) recorded from a
77-year-old man. In this example, there is an atrial premature beat
after every two sinus beats. This is referred to as atrial trigeminy. 
Note that the shape of the premature P wave is different than that
of the sinus P waves, reflecting its ectopic location. 

(F) Type I second-degree AV block with Wenckebach periodicity
recorded from a 74-year-old man. There is progressive prolongation
of the PR interval, followed by a blocked or nonconducted P wave.
This leads to irregular groups of QRS complexes. In this example,
there is 5:4 and 4:3 AV block. The atrial rate is 110 beats/min,
and the ventricular rate is 90 beats/min. 

Irregular cardiac rhythms
Atrial premature beats Type I second-degree AV block

futurE dirEctions

The ECG provides a window into the electrophysiologic prop-
erties of the heart and their modification by physiologic, phar-
macologic, and pathologic factors. When correctly interpreted, 
it provides diagnostic and prognostic information that is of 
inestimable help in the diagnosis and treatment of patients with 
a wide variety of cardiac diseases. It is of particular importance 
in the diagnosis of myocardial ischemia and arrhythmias and in 
the evaluation of patients with chest pain, heart murmurs, pal-
pitations, shortness of breath, and syncope. The use of the ECG 
recorded during daily activities and during stress further adds 
to its capabilities. The value of the ECG is greatly enhanced 
when pertinent patient information, such as symptoms, drug 
usage, and important laboratory findings, is provided to the 
reader. It is reasonable to anticipate that in the future, additional 
leads such as V3R, V4R, and V7–9 may be recorded and/or pro-
vided by computer reconstruction; that new analytic measure-
ments, particularly those dealing with the QRS complex and the 
T wave, will be developed; and that the library of diagnostic and 
prognostic statements will be expanded. However, it is impor-
tant to stress that the automated interpretations provided by 
computerized ECG systems now and in the future may be 
incomplete or inaccurate, particularly when the tracing is abnor-
mal. For that reason, over-reading, by qualified personnel is 
essential.

additionaL rEsourcEs
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This article reviews and updates standards for adults and children.
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Chest Radiography

Andrew O. Zurick III and Park W. Willis IV

I maging techniques are central to the evaluation and manage-
ment of patients with known or suspected heart disease. 

While technological advances in recent years have produced  
a broad spectrum of diagnostic imaging studies, each with 
advantages and appropriate clinical applications, it is necessary 
for clinicians treating patients with cardiovascular diseases to 
understand the applications and limitations of the available 
methodologies and use them effectively, but efficiently. This 
chapter focuses on technological aspects of cardiac and more 
specifically chest radiography and how this common imaging 
modality can still provide very useful information in the evalu-
ation of patients with cardiovascular diseases.

TeChniCal aspeCTs

Roentgenology is the science of both ionizing and nonionizing 
radiation modalities for the diagnosis and treatment of disease. 
Wilhelm Conrad Roentgen, a German physics professor who 
initially discovered x-rays in 1895, discovered that he could film 
his thumb and forefinger and their bones on a screen through 
the use of cathode rays. X-rays form part of the continuum of 
electromagnetic radiation, exhibiting both electrical and mag-
netic forces. They are typically generated by passing a current 
across a diode resulting in the generation of electrons, which 
are subsequently aimed at a metal anode that then gives off 
x-rays. The remarkable property of x-rays is their differential 
ability to penetrate through different types of matter, many of 
which are otherwise opaque to visible light.

X-ray beam projection determines resolution and magnifica-
tion. As x-rays emerge from the x-ray tube, divergence occurs. 
When x-rays are captured by film, geometric distortion results 
as a function of the distance of the x-ray beam from the midline 
and the distance of the object from the film. The farther an 
object from the x-ray source, the less geometric distortion 
occurs; however, this greater distance also necessitates added 
energy to penetrate the object and expose the film. Ideally, the 
farther an object is from the x-ray tube, the more parallel the 
x-rays are that penetrate it. However, an object closer to the 
x-ray source will require greater x-ray divergence to cover the 
area of interest. Overall, resolution is improved by increasing 
the distance between the object and x-ray source at the expense 
of increased patient radiation exposure. Standard chest x-ray 
(CXR) examinations are obtained with a source-to-image dis-
tance of 6 feet.

An x-ray image of an object will only occur if there is a dif-
ference in the transmission of x-rays between the surrounding 
medium and the object of interest. Shades of gray or “contrast” 
result from different amounts of x-ray absorption between the 
surrounding medium and object of interest. The differential 
density of myocardium, blood, vascular tissue, and the sur-
rounding air-filled lung allows distinction of these structures in 
CXRs. Thus, the CXR provides a means to assess the heart, the 
great vessels and the pulmonary veins, the lung fields, and the 

mediastinum. CXRs can be difficult to interpret, since imaging 
technique, body size, age, and other factors can all impact  
image quality.

Safety Considerations

The risks of a single CXR are minimal. However, it is important 
to understand that even low-level, environmental radiation 
exposure (to sunlight) has effects on biologic systems, including 
resultant cell death by apoptosis. Because ionizing radiation has 
a dose-dependent effect, it is important to minimize unnecessary 
radiation exposure. The risks of medical radiation exposure 
include development of malignancy and/or genetic alteration. 
Lifetime cancer risk has been estimated to increase 0.5% to 
1.4%, based on lifetime risk estimates for a general population, 
following 10 rad of x-ray or gamma radiation received by the 
whole body.

Chest Radiology—Normal Anatomy

The CXR can be very useful in detecting abnormalities in the 
structure of the heart and great vessels. To do so requires an 
understanding of the cardiac and vascular structures normally 
seen in a CXR. In the standard posteroanterior projection (Fig. 
5-1), the right mediastinal border of the heart is formed by the 
right atrium (the lower portion of the mediastinal border) and 
the superior vena cava, which appears above the right atrial 
border as a slight bulge or straightening. The right atrium is 
not visible on the lateral view. Superimposed on the superior 
vena cava is the ascending aortic arch, a short convexity along 
the upper right mediastinum. The right pulmonary artery 
courses under the ascending aorta and is visualized as a faint 
shadow with numerous fading branches. The azygos vein arches 
over the right primary mainstem bronchus and connects to the 
superior vena cava. The upper left mediastinal border is com-
posed of a prominence due to the aortic arch (the “aortic knob”), 
which tapers toward the mediastinum to a less-prominent main 
pulmonary trunk. The left pulmonary artery projects laterally 
from the trunk and forms smaller branches. Below the pulmo-
nary trunk, the superior left heart border is formed by the left 
atrial appendage, and the lateral border of the left ventricle 
forms a convex or straight structure tapering to the left dia-
phragmatic border.

In the lateral projection, the lower third of the anterior 
border of the cardiac silhouette is formed by the apex and the 
outflow tract of the right ventricle, abutting in the lower quarter 
or third of the sternum and the anterior chest wall (Fig. 5-2). 
The upper two thirds is composed of the outflow portion of the 
right ventricle and the ascending aorta. The posterior wall of 
the left atrium forms most of the posterior border of the heart. 
Inferiorly, small portions of the right atrium and the inferior 
vena cava are profiled just above the diaphragm. With postero-
anterior and lateral CXRs, the clinician can detect abnormalities 
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Figure 5-1 Radiology and angiocardiography.
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directly and infer valvular or structural heart disease and abnor-
malities in the great vessels and the lungs.

CliniCal appliCaTions

Patients with heart disease may have any number of CXR abnor-
malities. The CXR is usually normal in uncomplicated coronary 
artery disease (CAD). However abnormalities in the aorta or 
lungs can be helpful in the evaluation of patients with chest pain. 
Additionally, structural abnormalities due to advanced coronary 
heart disease are often seen on screening CXRs. When calcifica-
tion of one or more of the coronary arteries is seen on a screen-
ing CXR, this finding correlates with advanced coronary heart 
disease. CXRs detect only very advanced coronary artery calci-
fication. Electron beam CT is much more sensitive for detecting 
coronary artery calcification. The CXR can be abnormal when 
CAD is complicated by heart failure or a ventricular aneurysm. 
In patients with long-standing systemic arterial hypertension, 
secondary left ventricular hypertrophy can manifest as elonga-
tion of the cardiac silhouette along the left hemidiaphragm and 
a plump, or downwardly displaced, apex. There may be associ-
ated dilation of the aortic root and the left atrium.

The CXR can also help confirm a diagnosis of valvular heart 
disease. For instance, in aortic stenosis, radiographic abnormali-
ties include valvular calcification, poststenotic dilation of the 

aortic root, and left ventricular hypertrophy. Chronic moderate 
to severe aortic regurgitation causes left ventricular dilation. 
Long-standing mitral stenosis is often also accompanied by 
radiographic evidence of valvular calcification, but surrounding 
soft-tissue densities make visualization difficult. A deliberately 
overpenetrated CXR can be useful in visualizing mitral valve 
calcification. Because echocardiography is widely available  
and more sensitive in detecting valvular abnormalities, an over-
penetrated CXR is rarely ordered today. More commonly, 
hemodynamically significant mitral stenosis can present to non-
cardiologists as left atrial enlargement seen on CXR. A left atrial 
enlargement can be seen as upward displacement of the left 
atrial border on the posteroanterior CXR and/or a double-
density shadow that reflects a small amount of pulmonary paren-
chyma separating the left and right atrial borders. When 
associated pulmonary hypertension is present, mitral stenosis 
also causes pulmonary artery dilation. Chronic mitral regurgita-
tion causes left atrial dilation and, when severe, left ventricular 
dilation.

The lateral CXR is the best view for distinguishing aortic and 
mitral valve calcification, and it is also useful for evaluating right 
ventricular and left atrial chamber dilation. Increased left ven-
tricular size can be detected when the left ventricle extends 
posteriorly beyond the right atrium, forming the lower poste-
rior heart border.
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Figure 5-2 Structural relationships between cardiac and 
vascular structures (lateral projection).
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Coarctation of the aorta is commonly associated with radio-
graphic signs of hypertension. The classic finding of “notching 
of ribs” 3 to 9 from dilated collateral internal mammary arteries 
is often also present. Tetralogy of Fallot commonly manifests 
as a “boot-shaped” heart, reflecting right ventricular hypertro-
phy; the aortic arch is right-sided in 25% of cases.

Because the pulmonary vessels are surrounded by lung, even 
minor changes in size and distribution (reflecting alterations in 
flow or pressure) are easily identified. The primary radiographic 
manifestation of left heart failure is pulmonary vasculature 
prominence, reflecting elevated left atrial filling pressure and 
pulmonary venous congestion. The lower lobe peripheral vessels 
become less well defined and relatively small, while the upper 
lobe vessels remain well defined and increase in size. These 
changes become detectable when mean pulmonary venous 

pressure exceeds 15 mm Hg. As pressures rise to 20 mm Hg and 
above, fluid in the interlobular septa first appears at the lung 
bases, causing peripheral linear opacities perpendicular to the 
lateral pleural surface, the so-called Kerley’s B lines. Pulmonary 
edema occurs when mean pulmonary venous pressure rises to 
25 to 30 mm Hg and is typically a central, symmetric fluffy-
appearing infiltrate with a butterfly appearance. Depending on 
etiology, generalized cardiomegaly or specific chamber enlarge-
ment can also occur.

limiTaTions

The CXR is limited because only the perimeter of the heart is 
visualized; because this technique does not differentiate among 
myocardium, valves, or blood pool; and because other method-
ologies are more accurate in assessing myocardial and valvular 
function.

FuTuRe DiReCTions

The role of cardiac imaging in the evaluation of cardiac disease 
will continue to expand. Imaging techniques are generally safe 
and increasingly provide valuable decision-making information. 
The advantage of chest radiology is that it is inexpensive and 
widely available and can provide vital patient information useful 
in diagnosis and treatment of disease.

Newer imaging modalities are likely to continue to comple-
ment information derived from chest radiography. Positron 
emission tomography scanning currently is utilized to assess for 
ischemic heart disease, providing improved sensitivity and speci-
ficity over traditional single-photon emission CT and addition-
ally can assess for myocardial viability with radiolabeled glucose 
after infarction. New multidetector CT scanners can effectively 
evaluate the heart and the vasculature, including coronary artery 
imaging. Finally, MRI is expected to make a significant impact 
in clinical use, with the potential to detect coronary stenosis, 
ischemia during stress, and myocardial viability in addition to 
providing valvular and functional information with a single 
imaging modality.
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Echocardiography

Andrew O. Zurick III and Park W. Willis IV

E chocardiography is a highly reproducible, safe, and widely 
available noninvasive imaging technique integral to the 

practice of modern clinical cardiology. Utilizing high-frequency 
ultrasound to image cardiac and great vessel structure and blood 
flow, this method provides definitive anatomic and hemody-
namic information crucial in the initial diagnosis and manage-
ment of patients with a wide range of cardiac and vascular 
conditions. Though often considered a mature imaging tech-
nique, echocardiographic technology continues to improve. 
New clinical applications are continuously evolving, and diag-
nostic cardiovascular ultrasound is now being utilized in almost 
all fields of cardiology. Echocardiography is the most commonly 
used imaging technology for patients with known or suspected 
cardiovascular disease.

ImagIng mEthods and ClInICal 
applICatIons

Transthoracic Echocardiography

A comprehensive transthoracic echocardiographic examination 
(TTE) includes the acquisition of standard two-dimensional 
(2D) and M-mode views of the intrathoracic structures com-
plemented by continuous- and pulsed-wave spectral Doppler 
data and color flow Doppler imaging. Commercial echocardio-
graphic imaging systems also have tissue harmonic imaging 
capability, and this technique is now routinely applied in most 
laboratories to enhance endocardial definition in patients with 
technically difficult TTE examinations. In addition, many labo-
ratories routinely utilize tissue Doppler imaging (TDI) as part 
of standard TTE examination protocol. TDI, analogous to 
pulsed-wave Doppler assessment of blood flow velocity, is used 
to measure longitudinal myocardial motion. When combined 
with a comprehensive TTE examination, TDI can yield clini-
cally useful information regarding diastolic ventricular function 
and cardiac filling pressures. Small, lightweight, and highly por-
table ultrasound systems are also available for bedside TTE 
imaging. Commonly referred to as “handheld” TTE devices, 
these instruments possess limited capability as compared with 
standard echocardiographic equipment, but advances have made 
this technology easier to use while simultaneously incorporating 
a wider range of imaging features; some of these models can 
perform many functions of a larger system.

Transthoracic 2D echocardiography is the foundation of the 
clinical echocardiographic examination. Tomographic images 
from multiple locations on the chest wall, defined by the trans-
ducer position and image plane (Fig. 6-1), provide a reliable, 
portable, and reproducible evaluation of cardiac chamber sizes, 
myocardial thickness, ventricular contractile performance, val-
vular structure and function, the pericardium, and great vessels. 
Doppler echocardiographic assessment of the direction and 
velocity of blood flow within the heart and great vessels is valu-
able in the detection and quantification of obstructive lesions 

and valvular regurgitation (Fig. 6-2). Transthoracic 2D directed 
M-mode echocardiography is especially valuable in the evalua-
tion of mitral and aortic valve motion in dynamic and fixed left 
ventricular outflow obstruction, in the timing of mitral valve 
closure in aortic regurgitation, and in the assessment of pericar-
dial disease. This technique also provides a precise measurement 
of cardiac chamber sizes and wall thickness throughout the 
cardiac cycle allowing accurate estimates of overall left ventricu-
lar contractile performance and ejection fraction, provided there 
are no segmental wall motion abnormalities.

Although coronary arteries cannot be reliably imaged by 
TTE, the method is nevertheless valuable in the assessment of 
known or suspected coronary artery disease (CAD). Echocar-
diographic evidence of segmental ventricular contractile dys-
function can be used to screen for acute or chronic ischemic 
myocardial injury or infarction, secondary to CAD. However, 
the diagnosis of CAD is not absolute, because segmental wall 
motion abnormalities can also be caused by cardiac trauma, 
myocarditis, and infiltrative myocardial diseases. In addition, 
multivessel CAD can cause globally decreased ventricular con-
traction without segmental wall motion abnormalities, a circum-
stance generally necessitating further evaluation.

TTE is the most reliable and reproducible clinical laboratory 
method for the initial diagnostic evaluation and follow-up of 
patients with congenital and valvular heart disease, including the 
evaluation of right ventricular systolic pressure and pulmonary 
arterial hypertension. Anatomic information about the nature 
of a congenital defect and its hemodynamic consequences, 
including the direction and magnitude of intracardiac shunts 
and estimation of pulmonary and systemic blood flow, can be 
estimated by 2D and Doppler techniques.

In stenotic valvular lesions, M-mode techniques can be useful 
in assessing valvular thickness and motion, ventricular chamber 
sizes, ventricular wall thickness, and atrial chamber dimensions. 
This information is valuable in estimating the hemodynamic 
effects of a stenotic valve abnormality. Transthoracic 2D echo-
cardiography shows a more complete picture of the valvular, 
subvalvular, and annular structures, and when 2D echocardiog-
raphy is combined with Doppler ultrasound techniques, obstruc-
tive gradients can be accurately measured and cross-sectional 
valve area can be estimated. Regurgitant valvular lesions can be 
accurately quantified by color flow Doppler imaging. Clinical 
decisions regarding medical therapy and operative intervention 
for patients with valvular disease are usually based on TTE 2D 
and Doppler echocardiographic data, supplemented by informa-
tion from cardiac catheterization.

TTE is the primary tool for evaluating the presence  
and hemodynamic consequences of pericardial effusion. 2D 
imaging and a comprehensive Doppler examination can reliably 
identify patients with pericardial effusion and tamponade  
pathophysiology. TTE-guided pericardiocentesis, either at the 
bedside or in the cardiac catheterization laboratory, can reduce 
procedural complications and improve therapeutic results. A 
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Figure 6-1 Transducer positions in echocardiographic examination.

thickened pericardium and typical hemodynamic alterations  
can alert the clinician to the diagnosis of pericardial constric-
tion, but magnetic resonance imaging and catheterization  
are usually needed for full evaluation. Analysis of Doppler-
measured ventricular inflow velocities and TDI can be useful in 
differentiating between pericardial constriction and infiltrative 
cardiomyopathy.

“Handheld” ultrasound imaging devices are most widely  
utilized for the rapid triage of patients in emergency department 
and intensive care unit settings. This technology can provide 
accurate assessment for pericardial effusion, left and right ven-
tricular contractile performance, and segmental wall motion 
abnormalities. Although these devices can also detect valve 
disease, dilation of the aorta, and structural defects in patients 
with congenital heart disease, comprehensive echocardiographic 
evaluation of patients with these conditions and complete assess-
ment of diastolic ventricular function usually require a standard 
TTE imaging system.

Transesophageal Echocardiography

A transesophageal echocardiographic examination (TEE) 
requires that an ultrasound probe be passed into the esophagus, 
posterior to the heart. Because of decreased distance between 
the transducer and the heart, as well as the absence of interfer-
ence from bone and lung tissue, the signal-to-noise ratio is more 

favorable than with TTE, and higher-frequency transducers can 
be used to improve resolution. Therefore, TEE image quality 
is generally superior to that of TTE, particularly for posterior 
structures including the pulmonary veins, left atrium, interatrial 
septum, and mitral valve.

TEE is most commonly applied in the evaluation for clini-
cally suspected patent foramen ovale (PFO), atrial septal defects 
(ASDs), valvular vegetations, left atrial or atrial appendage 
thrombus, and aortic disease. TEE can provide important com-
plementary information when standard transthoracic images are 
insufficient to resolve a clinical differential diagnosis, especially 
in the specific conditions noted above. TEE is being utilized 
with increasing frequency as a complementary diagnostic 
method in clinical cardiac electrophysiology before elective car-
dioversion and invasive procedures including ablative therapy 
for atrial fibrillation. TEE is also useful in the cardiac catheter-
ization laboratory to assist with transseptal puncture and for 
optimal percutaneous placement of closure devices in patients 
with PFO or ASD. Intraoperative TEE, initially utilized pri-
marily to monitor operative results of mitral valve repair, is now 
being used for a broader range of indications.

Stress Echocardiography

Exercise and pharmacologic stress echocardiography are now 
standard procedures in most echocardiography laboratories. 
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Figure 6-2 Principles of Doppler echocardiography.
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The clinical utility of stress echocardiography depends on 
acquisition of high-quality TTE images of the left ventricle, in 
multiple planes, at maximal cardiac workload. With exercise 
stress, patients must be highly motivated not only to reach, but 
ideally exceed, target heart rate, because cardiac workload falls 
rapidly with cessation of exercise. Repositioning of the subject 
and immediate post-stress image acquisition usually requires  
30 to 60 seconds, and test sensitivity falls when echocardio-
graphic data are recorded at less than maximal workload. For 
these reasons, equivocal test results are fairly common with 
exercise stress. This is rarely a problem with pharmacologic 
stress, because patient repositioning is not necessary and 
maximal cardiac workload can be maintained while image acqui-
sition is completed. Pharmacologic stress also has a technical 
advantage in that patients are not moving during the study; 
sequential images can be recorded as cardiac workload is gradu-
ally increased, and respiratory interference at peak stress is not 
a limiting factor.

TTE combined with the use of pharmacologic agents (usually 
dobutamine) is an accurate, noninvasive approach to determin-
ing CAD’s presence and/or severity. A stress-induced segmental 
wall motion abnormality usually indicates flow-limiting CAD. 
This technique is more accurate than routine treadmill testing 
across a wide spectrum of patients, including those with single 
or multivessel CAD and those with normal or abnormal ECGs 
at rest. In addition to providing a useful approach for detecting 
obstructive CAD, stress echocardiography can be used to assess 
an area of myocardium at risk, for detection of myocardial 

viability, in risk stratification after myocardial infarction, and for 
evaluation of the results of coronary revascularization. Stress 
echocardiography is especially useful in detecting CAD in 
patients after heart transplantation, in those being considered 
for renal transplantation, and for preoperative evaluation of 
individuals undergoing vascular surgery. With advances in 
ultrasound imaging, and because the technique is readily avail-
able and does not require handling of radionuclides, the use of 
stress echocardiography has expanded dramatically.

Contrast Echocardiography

In clinical cardiology, contrast echocardiography is now widely 
used to detect intracardiac and intrapulmonary shunts, augment 
Doppler velocity signals, and enhance endocardial border defi-
nition. Intravenous injection of agitated normal saline is most 
often used for opacification of the right heart, shunt detection, 
and augmentation of tricuspid regurgitant jets so as to allow 
more accurate estimation of right ventricular systolic pressure. 
Commercially available contrast agents, termed microbubbles, are 
made of a high-molecular-weight gas encapsulated in a shell of 
phospholipid or protein. Modifications of the microbubble shell 
and gas properties have resulted in improved stability of these 
agents as they pass through the pulmonary circulation following 
intravenous injection, and high-quality imaging of the left heart 
chambers can be reliably obtained. Microbubbles are also small 
enough to pass through the microcirculation and thus can be 
utilized to assess myocardial perfusion. Gas-filled microbubbles 
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are used principally for left ventricular opacification during rest 
or stress echocardiography in patients with technically subopti-
mal TTE images. Myocardial perfusion imaging with contrast 
echocardiography is not routinely used for clinical purposes.

Intravascular Ultrasound and  
Intracardiac Echocardiography

The development of intravascular ultrasound (IVUS) and intra-
cardiac echocardiography (ICE) techniques has extended the 
application of echocardiography and bridged traditional bound-
aries between noninvasive and invasive imaging methods. IVUS 
utilizes a miniaturized transducer on the end of a flexible, steer-
able catheter that is inserted into arteries allowing in vivo ultra-
sound imaging of vascular anatomy from the inside out. ICE 
relies upon a catheter-like ultrasound probe that can be advanced 
to the right heart chambers via the femoral vein and inferior 
vena cava; in certain circumstances, these probes can also cross 
the interatrial septum. ICE probe technology has evolved 
rapidly and is capable of high-resolution 2D echocardiography 
and a full complement of Doppler imaging modalities.

Intracoronary IVUS is commonly utilized in cardiac  
catheterization laboratories to delineate atherosclerotic plaque  
morphology, lesion length, and obstruction severity when stan-
dard coronary angiographic and pressure data are ambiguous. 
Intracoronary IVUS can help guide percutaneous coronary 
intervention and stent implantation and aid in the diagnosis of 
in-stent restenosis. ICE is a valuable tool to monitor noncoro-
nary interventional procedures in interventional electrophysiol-
ogy and cardiac catheterization laboratories. Invasive procedures 
in these laboratories are lengthy, and conventional monitoring 
methods including fluoroscopy, TTE, and TEE are therefore 
less practical; in addition, these methods have inherent technical 
limitations, especially with respect to delineation of posterior 
structures, when the patient is supine. ICE has proven useful 
for direct visualization of the pulmonary veins and left atrial 
appendage during invasive ablation procedures for atrial fibril-
lation. Additionally, ICE is now used to assist with guidance of 
radiofrequency catheter ablation of atrial arrhythmias in the 
right side of the heart. ICE augments fluoroscopy through 
improving visualization of landmarks, ensuring endocardial 
contact, and assisting with transseptal puncture. This technique 
is also useful in the prompt detection of procedural complica-
tions including intracardiac thrombus formation, pericardial 
effusion, and pulmonary vein obstruction. In the cardiac cath-
eterization laboratory, ICE has demonstrated clinical utility in 
guiding percutaneous closure of ASD and PFO. ICE can assist 
in delineating the details of defect size and location, identifying 
important adjacent structures, and in optimal positioning of the 
closure device. Following device deployment, ICE is useful in 
confirming position, and Doppler methods can be used to detect 
residual shunt. ICE is also useful in monitoring percutaneous 
left atrial appendage closure and balloon mitral valvuloplasty.

Three-dimensional Echocardiography

Three-dimensional (3D) echocardiography, via either a trans-
thoracic or transesophageal approach, can provide improved 
definition of spatial relationships between normal and abnormal 

cardiac structures. Because 3D echocardiography has the capa-
bility to display cardiac structural relationships with improved 
accuracy and images can be viewed from different orientations 
after acquisition, anatomy is more intuitively and quickly appre-
ciated. High-resolution 3D methods can help eliminate the 
need for cognitive reconstruction of image planes currently 
required for high-quality interpretation of standard 2D images.

3D echocardiography has the potential to provide more 
accurate and reliable measurements of cardiac chamber dimen-
sions and function. This is especially true and probably most 
important when dealing with complex shapes such as the right 
ventricle or aneurysmal left ventricle, when quantification by 
2D methods, which rely on geometric assumptions about shape, 
are less accurate. Significant advances in ultrasound, electronic, 
and computer technology have made real-time–rendered 3D 
images more practical and potentially valuable in clinical prac-
tice. There is evidence to support the use of 3D echocardiogra-
phy for quantification of left ventricular mass, volume, and 
ejection fraction, as well as in the measurement of the mitral 
valve area in patients with mitral stenosis. This technique is 
commonly used for intraoperative evaluation of the mitral val-
vular apparatus during repair.

lImItatIons

Although modern echocardiography imaging systems are 
sophisticated multimodality devices, echocardiography remains 
an operator-dependent technique. The demands of routine 
patient care require thoughtful, yet streamlined examinations 
through the selective use of appropriate methods according to 
clinical circumstances. High-quality echocardiographic imaging 
requires a solid foundation of training in cardiac anatomy, car-
diovascular physiology, and pathophysiology. A working knowl-
edge of ultrasound physics, as well as considerable technical 
skill, expertise, and patience of the physician or technician 
obtaining images, are essential. Even in trained hands, image 
acquisition is limited by obesity, chronic obstructive pulmonary 
disease, and patient discomfort; chest wall injuries or recent 
surgery can make a TTE particularly challenging. Suboptimal 
images may be seen in up to 10% to 15% of all patients under-
going echocardiography. Because of this difficulty, contrast 
media have been used more widely to enhance endocardial defi-
nition. However, because of reported serious cardiopulmonary 
complications, the U.S. Food and Drug Administration has 
issued a black-box warning against the use of commercially 
available contrast agents in acutely ill patients. Responsible use 
of handheld echocardiographic devices requires appropriate 
training and experience in cardiac ultrasound. A major limita-
tion of these instruments is misdiagnosis and inappropriate 
treatment resulting from use by inexperienced operators and/or 
suboptimal image quality.

TEE is limited in many clinical circumstances. Patients must 
be physically able, well-oriented, and sufficiently cooperative to 
follow simple commands, so as to successfully swallow the ultra-
sound probe. Structural limitations prevent complete visualiza-
tion of the left ventricle. Although generally well tolerated, 
TEE carries risk related to sedation and esophageal intubation; 
complications include esophageal perforation and aspiration of 
gastric contents.
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FuturE dIrECtIons

Evolving technological improvements, increasing availability, 
and new clinical applications will fuel continued growth in the 
use of echocardiographic imaging. The ongoing explosion of 
new echocardiographic modalities will present the echocardiog-
rapher with constantly challenging questions regarding appro-
priate application of these methods to standard examination 
protocols. As novel cardiovascular applications of ultrasound, 
currently utilized principally as research tools, are refined, these 
methods will reach the clinical horizon and become feasible for 
everyday use. Myocardial contrast echocardiography, used prin-
cipally in research settings for years, is being applied clinically 
in some centers to evaluate integrity of the coronary microcir-
culation following myocardial infarction. 3D echocardiography, 
long envisioned to hold tremendous potential as an advanced 
imaging modality, will continue to evolve. Significant advances 
have moved this technology forward by simplifying data acquisi-
tion and improving image quality. As 3D methods become more 
practical and less time-consuming, clinical applications will 
increase in the daily practice of clinical cardiology. Echocardio-
graphic analysis of strain and strain rate deformation, utilizing 
a combination of TDI and speckle tracking methods, are now 
being used in clinical research protocols to define myocardial 
deformation of whole left ventricular segments. This work sug-
gests that strain and strain rate provide a more accurate assess-
ment of segmental dysfunction after acute myocardial infarction 
than tissue velocities alone. Strain and strain rate have also been 
proposed as an alternative means to evaluate ventricular myo-
cardial mechanical dyssynchrony for the purpose of predicting 
benefits from cardiac resynchronization therapy.
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Stress Testing and Nuclear Imaging

Arif Sheikh and Luis A. Tamara

S tress electrocardiography and stress imaging studies are 
widely used noninvasive procedures that provide important 

information on cardiac function and the presence of hemody-
namically significant coronary artery disease (CAD). The correct 
use of stress testing is critically important in the cost-effective 
management of patients with known or suspected CAD. When 
the most appropriate procedure is performed, it provides impor-
tant diagnostic and prognostic information that determines the 
optimal management strategy to be undertaken for that indi-
vidual. Stress testing is also used in patients with known CAD 
so as to determine exercise “prescriptions” before cardiac reha-
bilitation (Fig. 7-1).

ExErcISE STrESS TESTINg

Exercise stress testing involves subjecting a patient to increasing 
levels of exercise with continuous electrocardiographic monitor-
ing for myocardial ischemia and arrhythmias. Although the  
sensitivity and specificity of stress electrocardiography in  
the detection of CAD are low (in the range of 55% to 75%) 
compared with more advanced testing (including the use of 
imaging), stress electrocardiography is widely available, rela-
tively inexpensive, and can provide important prognostic infor-
mation about the patient. Generally, diagnostic treadmill stress 
testing is done on patients with a low pre-test likelihood of 
having CAD. However, exercise stress testing can also be used 
in patients with known CAD to evaluate the effectiveness of 
current therapies, to ascertain overall functional capacity, and 
to determine general prognosis. In children with congenital 
heart disease, treadmill stress testing can be used to quantify 
functional capacity.

The sensitivity of exercise stress testing for detecting CAD 
is proportional to the heart rate (HR) achieved during exercise. 
Thus, in preparation for the study, patients are usually asked to 
transiently discontinue medications that affect HR response 
(e.g., β-blockers or calcium channel blockers). Patients should 
fast for at least 4 hours before the test. Exercise is done on a 
treadmill or, alternatively, using a bicycle ergometer. In special 
circumstances, arm ergometry and isometric hand exercises can 
be used. There are several different protocols for treadmill stress 
testing. All of them start exercise at a given rate and incline angle 
and then gradually increase one or both parameters until an 
adequate HR and exercise endurance are achieved. Generally, 
exercise is continued until the patient reaches a target HR of at 
least 85% of the maximum predicted HR (MPHR) for the 
patient’s age (220 bpm − age in years ± 10 to 12 bpm). Studies 
that have correlated ECG changes with CAD generally involve 
reaching this target HR. Once a patient reaches the target HR, 
he or she should continue to exercise until fatigued or until signs 
or symptoms develop. If a patient exceeds a double product (HR 
× systolic blood pressure) of 25,000 as a secondary target, the 
test may be considered adequate. If the patient does not attain 
an exercise level at least equivalent to 5 metabolic equivalents, 

the study may be considered inadequate. Hemodynamic insta-
bility, gross ECG changes, or severe patient symptoms are also 
indications to terminate the procedure.

At the end of exercise testing, the patient slowly reduces the 
intensity of exercise. Vigorous exercise results in increased 
blood flow and pooling in the extremities, and a “step-down” 
phase (low-level exercise) allows the patient to re-equilibrate 
before ceasing exercise. After exercise termination, patients are 
monitored in a supine position until they are no longer tachy-
cardiac (i.e., HR < 100 bpm) if not back to baseline HR. Impor-
tantly, if there were any ECG changes or symptoms experienced 
by the patient during the study, post-test monitoring should  
be continued with any necessary treatments until these have 
resolved, even if hemodynamics (HR and blood pressure) have 
returned to acceptable levels. The post-test monitoring serves 
to reveal any arrhythmias or ST-segment changes that may 
develop and be late signs of ischemic disease (Fig. 7-2).

The ECG must be interpreted with certain caveats. Although 
the standard 12-lead configuration can be used, in many instances 
a modified 12-lead configuration is substituted. This involves 
placing limb leads more proximally than is done for a standard 
ECG (electrodes are placed on the shoulders rather than arms 
for instance). This change results in ST-segment changes being 
accentuated and more easily detected during stress. This may 
also result in a baseline “stress” ECG that differs from a supine 
ECG done with standard lead placement.

The presence of myocardial ischemia during the test is sug-
gested if previously normal ST segments show flattened or 
down-sloping depression more than 1 mm below the baseline 
in three consecutive beats. An important issue concerns  
ST-segment changes that can occur in some individuals simply 
because of the increased respiratory rate that accompanies exer-
cise. A pre- or post-stress ECG performed with hyperventila-
tion should be done to allow comparison of ECG changes 
associated with increased respiratory rate.

The prognostic information obtained from a treadmill stress 
test is often very useful for deciding on the next diagnostic or 
therapeutic step for a given patient. Of the several methods used 
for prognosis following treadmill stress testing, the most widely 
used is the Duke Treadmill Score. The time of exercise, the 
presence (or absence) of ST-segment changes during the study, 
and patient symptoms are used to determine a “score” that cor-
relates with event-free survival.

Bicycle-based studies use a comparable approach to provide 
similar information. The patient maintains a steady—or, rarely, 
increasing—pedaling rate over a period of time with regular 
increases in the intensity required for pedaling. At comparable 
HRs, a higher level of physiologic stress (reflected by metabolic 
equivalents) is present in individuals walking on a treadmill than 
individuals pedaling a bicycle. The data available for comparing 
these two forms of exercise are quite limited, however. Caution 
should be used in translating clinical information between forms 
of exercise.
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Figure 7-2 Testing to detect myocardial ischemia.
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Figure 7-1 Evaluation for hemodynamically significant coronary artery disease (CAD) in clinically stable patients. LBBB, left bundle 
branch block; LVH, left ventricular hypertrophy.
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Contraindications to exercise include unstable coronary  
syndrome, decompensated heart failure, severe obstructive val-
vular and hypertrophic cardiomyopathic disease, untreated life-
threatening arrhythmias, and advanced atrioventricular block. 
(Under certain circumstances, exercise testing under rigorously 
controlled conditions is performed on patients with aortic ste-
nosis to determine their suitability for aortic valve replacement 
surgery.) Severe baseline hypertension (>220/120 mm Hg) or 
presence of large arterial aneurysms are also contraindications, 
as are systemic illnesses such as acute pulmonary embolus and 
aortic dissection. Exercise studies should be used cautiously in 
individuals with an implantable cardiac defibrillator, particularly 
if their underlying ECG shows a prolonged QRS interval (due 
to an underlying bundle branch block or paced rhythm), because 
in this circumstance, the defibrillator may “recognize” the rapid 
HR induced by exercise as ventricular tachycardia. Individuals 
with an abnormal baseline ECG, particularly with ST-segment 
abnormalities, should be referred for a stress imaging study, 
because ECG changes in the setting of an abnormal baseline 
ECG are far less specific for CAD. Patients with significant left 
ventricular hypertrophy on their baseline ECG or those taking 
digoxin have similar limitations for interpretation of ischemia 
with exercise. Arrhythmias such as uncontrolled atrial fibrilla-
tion may also make interpretation of exercise stress ECGs dif-
ficult or impossible, and patients with these arrhythmias should 
be considered for a stress-imaging study.

cardIac STrESS ImagINg

Stress-imaging studies combine either treadmill stress testing or 
an infusion of either dobutamine or a coronary vasodilator (most 
commonly dipyridamole or adenosine) with imaging of the 
heart. Imaging can be accomplished by a variety of modalities; 
those most commonly used are echocardiography or nuclear 
imaging. MRI has also been used and CT is being studied as a 
modality for stress imaging. Stress imaging is preferred over 
treadmill stress testing in several settings: (1) when the ECG is 
uninterpretable for myocardial ischemia (e.g., left bundle branch 
block, digoxin effect); (2) when a patient is unable to exercise 
(but can undergo a pharmacologic stress-imaging study); or (3) 
when a treadmill stress test is positive for ischemia in a low-risk 
patient, and correlation by imaging is preferred to cardiac  
catheterization. Many physicians also prefer stress imaging as a 
primary approach, rather than ECG-only stress testing, for all 
patients because of the higher sensitivity and specificity of stress 
imaging. Even with rapid advances in other modalities, stress 
imaging remains a highly effective and available modality to 
evaluate ischemia and function at present, and it is likely that 
this will be the case in coming years.

Myocardial Perfusion Imaging

Myocardial perfusion imaging (MPI) involves injection of a 
radiopharmaceutical that distributes throughout the myocar-
dium in a manner dependent upon coronary blood flow. Images 
are obtained at peak stress and at rest. Changes in the distribu-
tion of the radiopharmaceutical can reflect comparable blood 
flow at rest and stress, diminished blood flow with stress com-
pared to rest (reflecting stress-induced ischemia), or diminished 

blood flow both with stress and at rest—correlating with prior 
myocardial infarction (MI). Left ventricular function and ejec-
tion fraction (EF) and left ventricular size at rest and with stress 
can also be measured with this technique. The sensitivity of 
stress-nuclear imaging for detection of hemodynamically sig-
nificant CAD is 85% to 90%. The prognostic value of a negative 
stress-nuclear imaging study is also excellent in otherwise low- 
to intermediate-risk patients.

Imaging can be done with single-photon emission CT 
(SPECT), with Anger gamma cameras, or with positron emis-
sion tomography (PET). These systems offer different spatial 
resolution and use different tracers; however, the basic theory 
of stress perfusion and the functional images obtained are essen-
tially the same.

Radiotracers

Thallium-201 (201Tl) thallous chloride, a radioactive analogue 
of potassium, was the most commonly used tracer for myocar-
dial perfusion for several decades. Although its use has declined 
with the advent of technetium-99m (99mTc)–based agents, 201Tl 
continues to be useful as part of dual-isotope protocols and in 
viability imaging. Its relatively low energy results in images that 
lack resolution. However, the higher myocardial extraction frac-
tion of 201Tl compared with 99mTc-based agents has resulted in 
its continued use.

The two most commonly used 99mTc-based MPI agents are 
99mTc-sestamibi (MIBI) and 99mTc-tetrofosmin. Images obtained 
with the two agents are comparable and have higher resolution 
than images obtained using 201Tl for cardiac imaging. MIBI 
demonstrates a slightly higher extraction fraction than tetrofos-
min and is therefore more commonly used, although the use of 
MIBI results in a slightly higher radiation dose to the patient 
compared with tetrofosmin. A previously used 99mTc-based 
agent, teboroxime, demonstrated a substantially higher extrac-
tion fraction than the aforementioned agents, but its rapid 
washout from the myocardium limited its clinical utility. 
Teboroxime is no longer marketed in the United States.

PET radiopharmaceuticals utilize positron-emitting radio-
nuclides to create images. Rubidium-82 (82Rb) chloride is 
a positron-emitting potassium analogue. It has the lowest  
extraction fraction of the available PET radiopharmaceuticals 
(~60%). This extraction fraction is still higher than that of either 
sestamibi or tetrofosmin. The half-life of 82Rb is very short—
approximately 75 seconds. There are benefits and limitations for 
the use of 82Rb given its very short half-life. The short half-life 
essentially precludes use of 82Rb for exercise stress imaging. 
However, it facilitates obtaining images when the patient is truly 
at the peak of performance induced by pharmacologic stress. 
For this reason, 82Rb images can be used to accurately assess 
cardiac reserve—as defined as the difference between left  
ventricular ejection fraction (EF) at rest and at peak stress. The 
short half-life of 82Rb also facilitates obtaining pharmacologic 
stress and resting images in a relatively short period of time.

82Rb has a lower intrinsic spatial resolution than the other 
PET agents but is still far better than the SPECT tracers. 
Although a cyclotron is not necessary to generate 82Rb, the 
generator system used is quite expensive and, for this reason, 
82Rb PET imaging is only available at some centers.
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Other tracers are used for PET imaging, but none are used 
for cardiac imaging as commonly as 82Rb. Nitrogen-13 ammonia 
([13N]NH3) has a high extraction fraction (approximately 83%) 
and a 10-minute half-life. It can be used for exercise-nuclear 
imaging. Oxygen-15 ([15O]H2O) water is short-lived (half-life of 
2 minutes) and possesses a very high extraction fraction of 
approximately 95%. However, its freely diffusible nature means 
that 15O is distributed into tissues adjacent to the myocardium, 
including the lungs and cardiac blood pool. For this reason, 
imaging is complicated, requiring sophisticated background 
subtraction techniques. Although both 13N and 15O have higher 
intrinsic spatial resolution than 82Rb, they require generation in 
a cyclotron. Their short half-lives mean that these isotopes can 
only be used in facilities with an on-site cyclotron. For most 
institutions performing PET-myocardial imaging studies, 82Rb 
is preferred for this logistic reason.

Newer fluorine-18 (18F)–labeled perfusion tracers that would 
allow exercise imaging and do not require an on-site cyclotron 
are being developed and studied. The 18F tracers have a very 
high extraction fraction, making them physiologically attractive 
in the assessment of CAD.

Stress with Myocardial Perfusion Imaging

In stress with MPI, the radiopharmaceutical is injected when 
the patient is at the maximum level of stress. Exercise stress is 
preferred for MPI because of the added prognostic information 
obtained based on exercise and functional tolerance. Exercise 
improves imaging characteristics of the tracers, leading to less 
artifact and improved sensitivity and specificity.

The same contraindications noted above for treadmill stress 
testing apply for patients undergoing exercise-MPI. Many of the 
limitations inherent in ECG-only exercise testing (e.g., left 
bundle branch block, pacing, atrial fibrillation, left ventricular 
hypertrophy, and baseline ST and T-wave changes) can largely 
be overcome when using MPI. In general, the sensitivity and 
specificity of MPI for detection of CAD are better when coupled 
with exercise than when coupled with pharmacologic stress.  
For this reason, if a patient is able to exercise, exercise-MPI is 
preferred.

When patients are unable to exercise due to poor functional 
capacity, orthopedic, or other factors, MPI can be performed 
using pharmacologic stress. Two general approaches are used 
in pharmacologic stress testing. Dobutamine (discussed below 
and more often used for stress echocardiography than for stress-
MPI) is similar to exercise in that it increases HR and myocar-
dial contraction. Dipyridamole and adenosine (which work by 
similar mechanisms) cause coronary vasodilation.

Dipyridamole causes vasodilation by blocking endogenous 
adenosine breakdown and raising its levels. Coronary blood flow 
is increased except in areas where hemodynamically significant 
stenoses are present, precluding dipyridamole-induced increased 
flow. A relative decrease in the intensity of the MPI signal indi-
cates an inability to increase flow to that area of the myocardium 
and, it can be deduced, the presence of flow-limiting CAD  
in the coronary artery supplying that area. Comparison of 
images obtained at stress with images obtained at rest makes it 
possible to determine if there is a relative decrease in flow with 
stress. This “reversible” myocardial perfusion defect correlates 

with viable tissue in the distribution of a coronary artery with  
a significant stenosis. If a portion of the myocardium has  
limited perfusion at stress and at rest, this indicates that the 
myocardium in that area is probably not viable. Most commonly 
a “nonreversible” defect indicates the presence of infarcted 
myocardium.

Adenosine can also be directly infused and is preferred in 
many centers over dipyridamole. Adenosine infusion results in 
a more consistent serum adenosine level (and more consistent 
coronary vasodilatation) than does the infusion of dipyridamole. 
Adenosine infusion is associated with more symptoms than 
dipyridamole infusion, but these symptoms are very short-lived 
because adenosine has a very short half-life.

The use of dipyridamole or adenosine is contraindicated  
in patients with active bronchospastic disease and in those  
with advanced heart block or sick sinus syndrome without a 
pacemaker. Additionally, patients taking aminophylline or the-
ophylline must discontinue the use of these drugs before vaso-
dilator pharmacologic stress testing, since these drugs counteract 
the effects of adenosine. Similarly, stress-MPI should be post-
poned for anyone who has had caffeine (which also blocks the 
effects of dipyridamole and adenosine) within the previous  
12 hours.

If a patient receiving dipyridamole or adenosine does have 
either bronchospasm or another side effect with drug infusion, 
these side effects can be mitigated by infusion of aminophylline 
or theophylline. It is rare that reversal of the effects of adenosine 
is required because of its short half-life.

If patients are able to perform submaximal exercise, a  
combination of a vasodilator (dipyridamole or adenosine) with 
exercise can be performed. This protocol, sometimes called 
adenosine-exercise or “adenowalk,” among other names, has the 
advantages of decreasing adenosine’s side effects as well as 
improving image quality by decreasing splanchnic tracer accu-
mulation. Vasodilator-exercise protocols allow limited exercis-
ing of patients who are not able to attain target HRs. However, 
patients with contraindications to either exercise or dipyridam-
ole/adenosine (see above) should not be considered for a com-
bined stress study. Additionally, vasodilator-exercise stress 
testing should not be performed in patients with a history of 
cerebrovascular and/or carotid disease, especially if walking is 
the exercise mode. Rapid loss of consciousness and collapse on 
the treadmill have been reported, due to cerebrovascular perfu-
sion steal, resulting from pharmacologic vasodilation coupled 
with exercise (Fig. 7-3).

If patients have contraindications to vasodilator stress and are 
also unable to exercise, dobutamine pharmacologic stress can  
be performed. Dobutamine is administered as an incremental 
infusion, starting at low doses (5–10 µg/kg/min) and gradually 
increasing the dosage to as much as 40 to 50 µg/kg/min until 
the patient’s MPHR is reached. Atropine can be used for HR 
augmentation if the target HR is not reached with maximal 
dobutamine doses. Stress targets are similar to those for exercise 
with a goal of reaching a target HR of 85% of the patient’s 
MPHR. It is important to note that because systolic blood pres-
sure remains constant or falls with dobutamine, whereas it rises 
with exercise, the double product (and thus level of stress) asso-
ciated with a given HR is less during dobutamine testing than 
with exercise testing. Clinical variables such as fatigue, which is 
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useful in treadmill stress testing, are generally not useful with 
dobutamine administration.

The major contraindications to dobutamine/atropine stress-
MPI are the presence of narrow-angle glaucoma and a history 
of prostatic enlargement and urinary obstruction. In addition, a 
relative contraindication to dobutamine/atropine stress-MPI is 
a propensity for inducible arrhythmias.

Recently, pharmacologic stress agents that are more selective 
for the adenosine receptor present in coronary vasculature  
(A2a) have been developed. These agents have a lower affinity 
for noncoronary adenosine receptors, and there should thus be 
a lower risk of common side effects such as bronchospasm, 
atrioventricular nodal blockade, and flushing. Thus far, this is 
unproven. Only one of these agents, regadenoson, is approved 
by the U.S. Food and Drug Administration for clinical use.  
Two other agents, binodenoson and apadenoson, are being 
evaluated.

Finally, less conventional stress methods such as cold  
pressor testing and mental stress are described in the literature. 
There are no head-to-head comparisons of these methods for 
inducing stress and the pharmacologic approaches described 
above.

Imaging Protocols
99mTc-MIBI and tetrofosmin are the most commonly 
used SPECT radiopharmaceuticals. Several imaging protocols 
utilizing these agents have been developed. A commonly used  
protocol is the 1-day rest-stress, wherein a low dosage of 
approximately 261 to 370 MBq is administered to the patient at 
rest. After a 30-minute equilibration period, imaging is carried 
out. The second step in this protocol is to stress the patient 
(exercise or pharmacologic stress), administering approximately 
three times the resting dosage of radiotracer at peak stress, and 
then again performing imaging after at least 15 minutes.

A variation of this protocol used in some nuclear laboratories 
for low-risk patients is the 1-day stress-rest study. In this case, 
stress images are obtained first. Resting images can be omitted 
if the stress images are completely normal. The disadvantage of 
this approach is that stress images are obtained at lower doses 
of radiotracer and thus may be of lower quality.

A 2-day protocol obtains stress and rest images on 2 separate 
days after administration of relatively high dosages of radiophar-
maceutical (1110 MBq). This protocol allows for better image 
quality, especially in obese patients in whom high-quality images 
cannot otherwise be attained. If the stress images are obtained 
on day 1 and are normal, rest images are not necessary in an 
otherwise low-risk patient. The limitations of this study proto-
col are the higher radiation doses and the inconvenience of 
having the patient return on a subsequent day.

A dual-isotope protocol uses 201Tl for the resting images fol-
lowed by post-stress images obtained with a 99mTc-based tracer. 
However, differences in spatial resolution between 201Tl and 
99mTc can sometimes complicate the interpretation of subtle 
findings. This approach is less commonly recommended.

Imaging can also be performed using 201Tl only. Given the 
limitations of 201Tl, the only feasible approach is to perform 
a stress-rest study. The entire study can be performed with a 
single injection of tracer, and one can obtain additional 

Figure 7-3 Pharmacologic stress nuclear testing.
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physiologic and prognostic information (such as lung uptake) 
and an assessment of myocardial viability. However, these 
studies are not done frequently in most laboratories, since they 
require higher radiation doses, are more time-consuming, and 
provide images that are of lower resolution.

PET tracers utilize protocols based on SPECT imaging. 
Given its exceedingly short half-life, 82Rb protocols can be 
either rest-stress (more common) or stress-rest. An entire 82Rb 
study can be completed within 30 minutes. An advantage of 
PET tracers is that despite higher γ-emission energies, their 
radiation doses are comparably lower while delivering better 
images than the SPECT tracers.

Image Interpretation

SPECT nuclear images are analyzed in three ways. The “raw” 
rotating-image interpretation is a critical step that allows the 
reader to assess whether patient motion, attenuation artifacts 
(breast overlap, diaphragmatic interference, or other factors) 
must be considered in interpretation of the study. Occasionally 
the presence of significant extracardiac findings such as breast 
or lung masses, thyroid or parathyroid nodules, and lymphade-
nopathy is seen on these raw images. The second step is  
to examine reconstructed images that are presented as “slices” 
of the myocardium. Using this set of images it is possible to 
visualize myocardial perfusion from apex to base, anterior to 
inferior wall, and interventricular septum to lateral wall, and 
assess flow-limiting CAD (Fig. 7-4; Table 7-1). The amount of 
ischemic or infarct burden can be quantified. By dividing the 
ventricle into segments (usually 17 or 20) and then deriving 
scores based on extent and severity of segments affected by 
pathology, a quantitative assessment can be made that strongly 
correlates with patient outcomes. The summation of these  
data, the “sum score,” can be compared for the rest and stress 
studies. Third, gated images can also be obtained and reviewed 
in a looped-cine method. These images allow determination of 
wall motion abnormalities, ventricular volumes, and left ven-
tricular EF. Analysis of wall motion also provides an indepen-
dent means to assess apparent perfusion defects and confirm 
infarction, ischemia, or the presence of an artifactual perfusion 
abnormality.

The approach to interpretation of PET imaging is similar to 
that described above for SPECT imaging. Reconstructed perfu-
sion and gated images are approached the same way, but no 

“raw” images are displayed because of the manner in which PET 
images are acquired. An important step to consider in PET is 
that of alignment of the emission and transmission (the latter 
being CT in PET-CT units) scans. By default, PET has an 
attenuation correction built in for the reconstruction of its final 
images. A misalignment between the two portions of the scan 
can result in serious artifact, which can be misread if not recog-
nized and/or corrected. Although this can be frequently cor-
rected by manual realignment of the images, occasionally the 
relevant scan has to be repeated to obtain the correct data.

With the variety of techniques available, it is important to 
choose the optimal imaging modality (SPECT vs. SPECT-CT 
vs. PET), tracer, stress modality, and imaging protocol, tailoring 
each for the specific patient situation so as to maximize the 
information obtained. For example, the overall prognosis of a 
normal stress-MPI study is better in patients who exercised than 
in those who were evaluated with a vasodilator study, so careful 
attention should be paid to understand the meaning of the 
results in the context of the patient’s history and how the study 
was performed. That being said, in most institutions the default 
study is stress-MPI, and the other studies described above are 
used for special indications.

SPECT-CT, PET-CT, and Hybrid Imaging

The addition of CT to both SPECT and PET imaging can be 
useful for anatomic localization of perfusion defects and for 
attenuation correction (important for PET perfusion studies, 
particularly in obese patients). Due to the higher isotope  
energies involved with PET imaging, its inherent attenuation  
correction, and the superior tracer characteristics of PET radio-
pharmaceuticals compared with the current 99mTc-based SPECT 
agents, PET images are of far superior quality and utility in the 
diagnosis of CAD in obese patients.

PET imaging also makes possible quantification of myocar-
dial blood flow and coronary flow reserve. PET may also be 
useful for detection of endothelial dysfunction and assessment 
of multivessel ischemia, which can produce apparently normal 
stress imaging by SPECT if ischemia is global and balanced.

The advent of cardiac CT angiography (CTA) has allowed 
the development of hybrid imaging techniques wherein perfu-
sion/metabolic information provided by SPECT or PET is 
fused with structural information provided by CTA. This 
approach offers the potential advantage of evaluating both the 
extent and severity of atherosclerotic vascular disease and its 
effect on myocardial perfusion.

EquIlIbrIum radIoNuclIdE 
VENTrIculography (muga ScaN)

Multiple-gated acquisition (MUGA) scanning is an approach 
used to quantify both left and right ventricular function,  
based on images generated following the injection of 99mTc-
labeled erythrocytes. The labeling procedure can be performed 
in vitro using a commercially available kit (UltraTag; Mallinck-
rodt, St. Paul, MN), in vivo, or semi–in vitro. The in vitro 
method provides the highest labeling efficiency and best images 
but is the most laborious, time-consuming, and expensive 
technique.

Table 7-1 Myocardial Perfusion Patterns

Scan Finding Interpretation

No perfusion defect on either 
stress or rest study

Normal

Perfusion defect at stress 
that is normal at rest

Ischemia

Perfusion defect both at 
stress and rest

Myocardial scar

Perfusion defect at rest but 
normal at stress

Probable artifact, consider 
subendocardial infarction 
(reverse redistribution)
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Figure 7-4 Stress nuclear imaging by single-photon emission CT (SPECT). HLA, horizontal long axis; SA, short axis; VLA, vertical 
long axis.

SPECT nuclear scanner

Computer display

Camera array rotates around patient, acquiring imaging (activity) data.

Stress SA Stress HLA Stress VLA

Rest SA Rest HLA Rest VLA

Short axis

Horizontal long axis

Vertical long axis

Computer reconstructs acquired image
data into a series of tomographic slices 
displayed in three standard views: short
axis, horizontal long axis, and vertical 
long axis.

Once the circulating blood pool has been appropriately 
labeled, determination of wall motion abnormalities, left ven-
tricular volumes, and EF can be made. These measures are 
accurate and reproducible, and are often used for serial follow-
up of EF in patients receiving cardiotoxic drugs—particularly 
chemotherapeutic agents.

An advantage of MUGA is the ability to do first-pass imaging, 
which allows evaluation of the right ventricle, as well as quan-
titative shunt analysis. Whereas the latter procedure is now 

predominantly done via echocardiography, the former is still 
sometimes used in select patient populations, and in some cases, 
combined with standard myocardial perfusion scans as an 
approach to evaluating right ventricular function.

Stress-MUGA scanning can be performed either with dobu-
tamine or with an exercise ergometer bicycle that is attached  
to a seat or the bed on which the patient lies. It offers the  
ability to provide real-time EF imaging, as well as imaging of 
any wall motion abnormalities that develop during the study 
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Figure 7-5 MUGA and stress-MUGA scanning.

Exercise ergometry

RBC tracer radiolabeling and injection

First-pass evaluation

(Fig. 7-5). MUGA scanning is feasible in extremely obese 
patients as well.

oThEr uSES oF cardIac  
NuclEar mEdIcINE

Shunt Analysis

Using first-pass techniques, MUGA scans have been used to 
calculate shunt fractions in various pathologies, especially con-
genital heart disease in the pediatric population. Because of 
advances in echocardiography and its use today as the first-line 
noninvasive approach to intracardiac shunt assessment, MUGA 
scanning is rarely used for this indication.

Viability

Since more patients survive myocardial infarctions (MIs) as a 
result of advances in cardiology, detection of myocardial viabil-
ity has become increasingly important. Identifying a hibernating 
myocardium that is still viable but chronically hypoperfused and 
ischemic is important for decision making with respect to revas-
cularization. Because 201Tl is a potassium analogue, its exchange 
across a membrane is a hallmark of a viable myocyte. Viability 
protocols make use of 201Tl’s ability to undergo redistribution 
and involve imaging at baseline, following redistribution, and 
often following repeat injection of an extra dosage. Viable myo-
cytes will take up 201Tl for as long as 24 hours after injection. A 
newer approach has been to use administration of nitrates to 
increase perfusion and enhance 201Tl uptake. In theory this 
approach causes vasodilation in areas that are otherwise hypo-
perfused at baseline, causing increased flow to those regions, 
and resulting in improved uptake. The specificity of this proce-
dure can be improved by obtaining gated images with sequen-
tially low- and higher-dose dobutamine infusion during imaging.

Unlike 201Tl that is utilized as a perfusion marker, 18F, 
2-deoxyglucose (FDG) is a marker of myocardial glucose 
metabolism. Myocardial uptake of FDG is facilitated by prior 
administration of glucose, often coupled with intravenous 
insulin administration to drive glucose utilization by viable car-
diomyocytes. In conjunction with perfusion imaging, FDG 
imaging can provide useful information for the assessment of 
myocardial viability.

Although revascularization has been shown to improve mor-
bidity and mortality in patients with salvageable myocardium, 
not all viable myocardium is salvageable. For this reason, the 
detection of viable myocardium must be taken in context of the 
overall clinical picture and the coronary anatomy.

Sarcoidosis

Cardiac sarcoid causes focal granulomatous inflammation at 
various locations in the myocardium, which can result in electri-
cal or functional cardiac disturbances. In patients with cardiac 
sarcoid, 201Tl imaging shows patchy defects that presumably cor-
respond to areas of scarring and/or inflammation. Because of the 
low resolution of 201Tl images, small defects can be missed. 
Other techniques have utilized tracers such as 67Ga-citrate or 
111In-octreotide that can detect areas of active inflammation in 
conjunction with a perfusion tracer. More recent uses of fasting 
FDG-PET have also been successful in detecting inflammatory 
lesions that have increased tracer uptake as well as detecting 
areas of scarring that have no uptake. Although detection of such 
pathology might seem more logically done with MRI given its 
much higher resolution, nuclear imaging offers the possibility of 
detecting lesions with active inflammation.

Chest Pain

An imaging protocol for acute chest pain involves administra-
tion of a radiopharmaceutical while the patient is having a chest 
pain syndrome. In a low- to intermediate-risk patient, a normal 
scan has a very high negative predictive value for the absence of 
an acute coronary syndrome. This protocol has been used in 
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emergency room settings in low- to intermediate-risk patients 
with otherwise undifferentiated chest pain and allows for safe 
discharge with outpatient follow-up.

comparISoN To oThEr cardIac  
ImagINg modalITIES

It is useful to consider nuclear imaging techniques (SPECT and 
PET) with newer cardiac imaging technologies such as cardiac 
MRI (CMRI) and cardiac CTA, because their use has increased 
dramatically within the last few years and there are advantages 
and disadvantages for each. CMRI is capable of generating 
exquisite images of cardiac structures with a resolution far supe-
rior to nuclear techniques and without the need for ionizing 
radiation. This technology is also useful for viability assessment. 
Cardiac CTA provides high-resolution images of coronary and 
other cardiac anatomy and pathology that are not possible with 
current nuclear techniques, with radiation doses somewhat 
comparable to SPECT imaging but higher than PET. While its 
negative predictive value for the detection of CAD is excellent, 
its positive predictive value in determining disease severity is 
considerably lower. It is anticipated that as technology advances, 
cardiac CTA characterization of coronary anatomy will improve. 
It is also possible that CT technology will be able to provide a 
combined scan that includes stress testing, viability assessment, 
and coronary anatomy, all in a reasonable time frame and with 
an acceptable radiation dose. There are, however, limitations of 
these newer technologies. For patients with renal insufficiency 
who have a higher risk of allergic or nephropathic complica-
tions, nuclear tracers are preferred over studies that require 
intravenous contrast (either CT or MRI). MRI studies are gen-
erally contraindicated in patients with implanted cardiac rhythm 
devices (pacemakers and implantable cardiac defibrillators 
[ICDs]; coronary stents are not a contraindication for MRI 
imaging). At present, CMRI and cardiac CTA are less widely 
available than nuclear studies.

Ultimately, it may be the combination of imaging modalities 
that provides the greatest information for cardiac patients. 
Imaging that combines anatomic information from CT or MRI 
with physiologic information from PET or SPECT is already 
the state of the art for evaluation of obese patients.

FuTurE dIrEcTIoNS aNd cardIac 
molEcular ImagINg

New Technology

There have been numerous important innovations in nuclear 
cardiology over the past 10 years. Important imaging advances 
include the development of upright cameras that improve 
patient comfort and image resolution by allowing close contact 
between the patient and detector and the development of high-
efficiency, solid-state detectors and “cardiocentric” collimators 
that allow the acquisition of high-count images in a relatively 
short period of time. Improvements to older nuclear cameras, 
including multi-pinhole SPECT and fan-beam collimators, 
reflect cost-effective approaches to improving image quality 
without the purchase of entirely new imaging systems. Similarly, 
there have been major advances in image analysis. Iterative 
reconstruction utilizing resolution-recovery algorithms reduces 

artifactual distortion and allows reduced image acquisition times 
without sacrificing image quality. These improvements have 
also renewed interest in imaging agents more suited for rapid 
image acquisition.

Combined-modality imaging (PET-MRI and SPECT-MRI) 
has proven to be useful for detection and prognostication in 
cancer patients. The idea of combining high-resolution images 
with physiologic/functional measures is equally attractive for the 
assessment of CAD, and studies on combined-modality imaging 
are currently in progress.

Ventricular Dyssynchrony Assessment

Biventricular pacing has been shown to reduce symptoms  
in some patients with advanced heart failure, presumably  
by improving dyssynchronous left ventricular contraction. 
However, not all patients improve. It has been hypothesized that 
the patients who obtain maximal benefit are those who have the 
greatest restoration of synchronous contraction of the left ven-
tricle. This has stimulated research focused on using nuclear 
imaging (SPECT-MPI or other modalities) to assess the effect 
of placing pacemaker leads in specific locations in the right and 
left ventricles. Comparison of synchrony at baseline and with 
pacing could facilitate optimization of lead placement and out-
comes from biventricular pacing in this setting.

Fatty Acid Imaging

Fatty acid (FA) imaging has been proposed as a sensitive and 
specific method to determine whether a patient presenting with 
a recent history of ischemic symptoms did indeed have an isch-
emic event. Although cardiac biomarkers such as creatinine 
kinase and cardiac troponins are sensitive indicators of myocar-
dial necrosis, there is no current test to confirm if a recent event 
represented ischemia at a level insufficient to result in measur-
able levels of these cardiac biomarkers.

Under fasting, ischemic, or hypoxic conditions, FA metabo-
lism is suppressed and glucose oxidation becomes increasingly 
important for myocardial energy production. This finding has 
led to the notion that alterations in FA metabolism could func-
tion as a sensitive marker for myocardial ischemia. Radiophar-
maceuticals such as iodine-123 15-(p-iodo-phenyl)-3-R,S-
methylpentadecanoic acid ([123I]BMIPP)—a FA analogue—is 
being studied as an imaging agent. Because metabolic abnor-
malities usually persist long after the ischemic event has resolved, 
this type of radiotracer could be used to identify areas of hypo-
perfused myocardium long after the patient’s symptoms of 
angina have abated and flow has been restored. Carbon-11 pal-
mitate is a PET tracer that can also be utilized for imaging 
myocardial FA metabolism but is restricted to locations with 
cyclotrons. FDG is another agent potentially capable of detect-
ing recent ischemia.

Cardiac Neurotransmission Imaging

Radioiodine-labeled meta-iodobenzylguanidine (MIBG) has 
been recently studied as an imaging agent based on the notion 
that cardiac receptors for neurotransmitters may be altered in 
certain disease states. Alterations in MIBG uptake may identify 
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myocardium that is mechanically functional but highly sensitive 
to catecholamine stimulation and arrhythmogenic on that basis. 
MIBG has been studied in patients with idiopathic ventricular 
tachycardia/fibrillation, arrhythmogenic right ventricular dys-
plasia, and cardiac dysautonomias including diabetic neuropathy 
and drug-induced cardiotoxicity. In conjunction with EF, brain 
natriuretic peptide, or some other variables, MIBG scanning has 
been reported to accurately predict patients who will benefit 
from ICD placement. Given our current inability to distinguish 
between patients with low EF who require defibrillation for 
ventricular tachycardia/fibrillation within 5 years of ICD place-
ment and those who will not—and the high cost of ICD implan-
tation—more precision in determining patients at high risk and 
low risk, beyond assessment of left ventricular function, is a very 
attractive concept.

Myocyte Death Imaging
99mTc-pyrophosphate imaging was initially developed for assess-
ment of MI. This approach is rarely used now because of the 
accuracy of other imaging modalities, including MRI. Newer 
tracers such as 99mTc-glucarate are being studied to determine 
whether it is possible to detect myocyte death at the earliest 
stages of MI. This information could be useful in the develop-
ment of interventional strategies.

An entirely different question is whether it would be possible 
to detect cardiomyocyte apoptosis, which is an early event in 
cardiac transplant rejection. Radiolabeled annexin V is being 
studied as an approach to imaging cardiomyocyte apoptosis with 
the hope that a sensitive imaging study could replace the need 
for frequent screening endomyocardial biopsies, given the mor-
bidity associated with this invasive approach.

Atherosclerotic Plaque Imaging

One of the challenges of cardiovascular imaging in general has 
been the detection and evaluation of vulnerable plaque. FDG 
has been proposed as an imaging agent in this regard as has 
annexin V. Challenges to these approaches include spatial reso-
lution, detection limits, and biologic correlation of positive 
images with vulnerable plaques. Although research in this area 
is at an early stage, the goal of being able to detect vulnerable 
plaques by any means is of great importance given the large 
number of individuals who die each year as a result of acute MI.

Nuclear cardiology procedures remain accurate, cost- 
effective, and relevant tools in management of the cardiac 
patient. Nuclear imaging also offers the promise of providing 
highly specific information that can guide clinical decision 
making for a variety of cardiovascular pathologies.
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Cardiac Computed Tomography and 
Magnetic Resonance Imaging

Andrew O. Zurick III and J. Larry Klein

T he past decade has seen rapid development in cardio
vascular imaging technologies coupled with novel clinical 

applications. Noninvasive imaging technologies now allow for 
assessment of cardiac morphology, function, perfusion, and 
metabolism. The explosion in imaging has led to increasing 
financial expenditures. From 1999 to 2003, diagnostic imaging 
services reimbursed under the U.S. Medicare physician fee 
schedule grew more rapidly than any other type of physician 
service. Both cardiac computed tomography (CCT) and cardiac 
magnetic resonance imaging (CMR) have interesting and unique 
advantages compared with alternate imaging modalities. Under
standing the applications and limitations of these modalities will 
permit optimal and efficient use in the future.

CaRdIaC CoMpuTed ToMogRaphy

Chest pain is a common clinical problem and one of the most 
common complaints of individuals presenting for urgent medical 
evaluation. One of the most important, lifethreatening causes 
of chest pain is coronary artery disease (CAD). Although cardiac 
catheterization is the best method to assess for the presence of 
hemodynamically significant CAD available today, it is imprac
tical as a screening test. It is invasive and costly, can be especially 
dangerous in some subsets of patients, and when used broadly 
as a screening tool is performed on a substantial number of 
patients who have no significant CAD and/or whose chest pain 
is unrelated to cardiac causes.

For decades, investigators have sought to develop new tech
nologies that would allow rapid noninvasive imaging of the 
coronary arteries and other cardiac structures. One such tech
nology that has evolved rapidly is CCT. Although not yet as 
accurate as cardiac catheterization, CCT now permits visualiza
tion of the coronary arteries and coronary lumen as well as 
assessment of cardiac function, the pericardium, left atrial 
anatomy, congenital heart disease, pulmonary arterial and 
venous anatomies, and diseases of the aorta.

Technology of CCT

Imaging the heart and coronary arteries with CT is challenging 
for several reasons and requires more sophisticated imaging and 
analysis approaches than are required for other body regions. 
Major difficulties arise because coronary arteries are relatively 
small structures with branches of interest in the range of 2 to 
4 mm in diameter, and they are moving structures. The coro
nary arteries show rapid cyclic motion throughout the cardiac 
cycle—essentially moving in three dimensions with each heart
beat. Furthermore, when the subject breathes, the heart and 
vessels move within the chest. However, several major advances 
in recent years have dramatically improved the resolution of 
coronary artery images. These include acquiring more data/

images at one time, decreasing the time patients must hold their 
breath; development of smaller CT xray detectors, increasing 
spatial resolution to visualize smaller structures; the develop
ment of scanners with increased rotational speed resulting in 
increased temporal resolution so that moving objects such as the 
arteries can be “frozen”; and the ability to gate the CT acquisi
tion to the patient’s ECG, allowing visual reconstruction of the 
heart and arteries during different phases of the cardiac cycle. 
Typically, the coronary arteries have less motion in diastole 
when the heart is filling compared with systole when the heart 
is contracting. Temporal resolution is directly related to xray 
tube gantry rotation time. A standard single source (one xray 
tube) allows for a temporal resolution of 167 ms. Newer scan
ners from some vendors afford dualsource CT technology (two 
xray tubes in the gantry), resulting in an effective scan time of 
83 ms independent of heart rate. The small size of cardiac 
structures requires excellent spatial resolution, which is on the 
order of 0.4 to 0.75 mm with current technology. Respiratory 
motion artifact is minimized by asking the patient to hold his 
or her breath during image acquisition. Even with these 
advances, CCT lacks the resolution attained in the cardiac cath
eterization laboratory where images can be obtained at 30 
frames per second, yielding temporal resolutions that can be 
greater than 33 ms with spatial resolution less than 0.1 mm.

Several different CT technologies have been used for cardiac 
imaging. Electron beam CT (EBCT), initially introduced in the 
mid1970s, utilizes an electron source reflected onto a stationary 
tungsten target to generate xrays, allowing for very rapid scan 
times. EBCT is well suited for cardiac imaging because of its 
high temporal resolution (50–100 ms) with an estimated slice 
thickness of 1.5 to 3 mm and the ability to scan the heart in a 
single breath hold. This technology was initially used to quan
tify coronary arterial vessel wall calcium volume and density—
generating a patientspecific score—and it remains the primary 
use of EBCT. Coronary calcium scores are independent of 
other traditional cardiac risk factors in the prediction of cardiac 
events and, as such, can be considered an excellent biomarker 
for the presence of CAD and the risk of future cardiac events. 
Efforts to use EBCT technology to visualize the lumen of the 
coronary artery with the administration of intravenous contrast 
agents have thus far proven to be limited, in large part as a result 
of the very limited spatial resolution.

EBCT has been largely supplanted by newer, multidetector 
CT (MDCT) technology, which involves a mechanically rotated 
xray source and offers increasing spatial resolution. New gen
erations of scanners permit the simultaneous acquisition of 
more data (“slices”). These advances have allowed for markedly 
increased spatial resolution and for complete acquisition of  
data during one breath hold. Coronary calcium scoring can  
also be performed using MDCT with results that are compa
rable to those obtained by EBCT. What MDCT offers, however, 
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is sufficient spatial resolution to make coronary CT angiography 
(CTA) feasible. Proofofconcept studies were initially per
formed using MDCT machines capable of obtaining four to 
eight slices per scan.

As technology has advanced, 64slice (and higher) scanners 
are now available and allow acquisition of higher resolution 
images without the requirement for long breath holds or 
extremely slow heart rates. It is currently recommended that 
CTA be performed using a minimum of a 64slice scanner. 
These scanners are now commonly available in many hospitals. 
With this type of scanner, 64 simultaneous anatomic slices are 
acquired, allowing a complete cardiac study to be performed 
with one breath hold, typically in 10 to 15 seconds. Because of 
the limited temporal resolution, a successful diagnostic scan on 
a conventional 64slice scanner requires that the heart rate be 
steady and usually less than 60 to 65 bpm. Newer prototypes 
allow up to 320 anatomic slices to be simultaneously acquired. 
With a minimal slice thickness of 0.75 mm, an entire heart can 
be imaged in a single heartbeat. Even with 320slice scanners, 
temporal resolution does not reach what can be obtained rou
tinely in a cardiac catheterization laboratory, and images are 
better in patients with relatively low heart rates. To overcome 
the necessity of a slow heart rate, one vendor has placed two 
xray sources in the scanner (socalled dual source). This tech
nology offers an improved temporal resolution even with heart 
rates approaching 100 bpm and greater.

Data Acquisition Techniques

For CTA using a singlesource scanner, it is necessary to image 
with heart rates less than 65 bpm. Most commonly, an oral or 
intravenous βblocker is given to slow the heart rate. In some 
settings, sublingual nitrates may be administered to dilate the 
coronary arteries and allow them to be more easily imaged. 
Coronary CTA requires intravenous administration of a con
trast agent to opacify the lumen of the coronary arteries.  
The intravenous contrast agents used for CTA carry the same 
dosedependent risks in patients with renal dysfunction as  
contrast agents used for cardiac catheterization, as well as the 

risk of an allergic reaction to iodine. Respiratory motion is 
minimized by patient breath hold from 6 to 20 seconds, depend
ing on scanner generation and cardiac dimension. Data acquisi
tion varies somewhat based on scanner type. The most common 
data acquisition protocol utilizes a spiral mode involving con
tinuous data acquisition during constant rotation of the xray 
tube while the patient is simultaneously continually advanced 
on the table through the xray gantry. To minimize radiation 
exposure, data acquisitions can be performed in sequential mode 
(step and shoot). This involves acquisition of single transaxial 
slices sequentially as a patient is advanced stepwise through  
the scanner.

Excessive cardiac motion can lead to blurring of the contours 
of the coronary vessels. For this reason, a regular heart rate is 
necessary for optimal imaging of the coronary arteries. Relative 
contraindications to performing CTA include the presence of 
frequent ectopic beats or atrial fibrillation. Coordinating data 
acquisition and analysis to the cardiac cycle involves either pro
spective triggering or retrospective gating. In prospective trig
gering, data are acquired in late diastole, based on simultaneous 
ECG recordings. In retrospective gating, data are collected 
during the entire cardiac cycle. Postprocessing then allows only 
data from specific periods of the cardiac cycle to be used for 
image reconstruction.

Clinical Indications

COrONAry ArTEry CALCIum SCOrE

Coronary artery calcium (CAC) is recognized as a marker of 
subclinical atherosclerosis. CAC scoring utilizes no contrast and 
readily detects calcium because of its high xray attenuation 
coefficient (or CT number) measured in Hounsfield units (HU) 
(Fig. 81). The Agatston scoring system assigns a calcium score 
based on maximal CT number and the area of calcium deposits. 
Initially promoted as part of a screening paradigm, CAC was 
originally made available for patientinitiated evaluation of cor
onary risk on a feeforservice basis. More recently, analysis of 
several large clinical datasets has confirmed that the “coronary 
calcium score” is a predictor of coronary events, independent of 

Figure 8-1 Coronary calcium scoring. LAD, left anterior descending; LCX, left circumflex; Lm, left main; rCA, right coronary artery.

Example of coronary calcium scoring. Computer software utilized to
determine Agatston score.

LM 0

Artery No. of
lesions (1)

Volume
[mm3] (3)

Equiv. mass
[mg/cm3 CaHA] (4)

Score (2)

0.0 0.0

0.0

0.0

0.00

0.00

0.00

0.0

0.0

181.9 43.32 247.6

247.643.32181.9

0

3

3

(1) Lesion is volume based
(2) Agatston score

0

LAD

LCX

RCA

Total

(3) Isotropic interpolated volume
(4) Calibration factor 0.787

1
LAD

2
LAD

3
LAD



CHAPTEr 8 • Cardiac Computed Tomography and magnetic resonance Imaging 63

traditional risk factors. In at least one study, calcium score was 
more predictive than Creactive protein and standard risk 
factors for predicting CAD events.

The coronary calcium score is derived by identifying coro
nary arterial tree segments that have attenuation characteristics 
(HU) greater than 130 that correlate with the attenuation due 
to calcium. These calcified lesions are scored by size and density 
with a weighting factor for increasing density. Technically, the 
score reflects analysis of contiguous pixels in the x, y, and z 
directions that are calciumpositive. Discrete lesions are scored 
separately, and the density of calcium within each lesion is 
graded from 1 to 4 according to the HU. The sums of all the 
lesions are totaled to arrive at a single coronary calcium score. 
In general, the higher the score, the greater the amount of calci
fied plaque within the arterial tree. There is a positive correla
tion of cardiac events with this score. Many individuals younger 
than 50 years have no coronary artery calcification and thus have 
a calcium score of 0.

The Multiethnic Study of Atherosclerosis (MESA) Group 
published a series of articles suggesting that the calcium score 
is an independent risk factor for cardiac events. Also, MESA’s 
website has the capacity to allow comparison of an individual 
patient’s calcium score against their large database. This score 
takes into account age, sex, and race, and generates a percentile 
compared to the database studies. The 2007 American College 
of Cardiology (ACC)/American Heart Association (AHA) Clini
cal Expert Consensus Document on CAC scoring states that in 
patients with intermediate coronary heart disease risk (10%–
20% 10year risk of estimated coronary events), it may be rea
sonable to consider use of CAC measurement based on evidence 
that it demonstrates incremental risk prediction such that 
patients might be reclassified to a higher risk status and subse
quently initiated on pharmacotherapy, particularly for choles
terol lowering. The presence of a high calcium score may 
prompt clinicians to use more aggressive therapy as if they were 
reclassified in a higher risk group, or to convince patients who 
are reluctant to take drugs such as statins to take their disease 
more seriously.

CTA utilizes intravenous contrast to differentiate vessel 
lumen from vessel wall. In 2006, the ACC and many other 
societies with interests in cardiac imaging put together recom
mendations of “appropriateness criteria” for utilization of 
cardiac CTA that include appropriate (Box 81) and inappropri
ate uses of this technology. The most common appropriate 
utilization is diagnostic study of patients presenting with chest 
pain who do not have significant ECG changes or elevated 
cardiac biomarkers but have an intermediate probability of 
CAD. At experienced centers with careful data acquisition,  
sensitivities range from 83% to 99% and specificities from 93% 
to 98% with remarkably high estimated negative predictive 
value (95%–100%), indicating that CCT may be used to reliably 
rule out the presence of significant flowlimiting coronary ath
erosclerotic disease. It should be pointed out that CCT would 
be inappropriate for patients at high risk for or with other indi
cations of cardiac ischemia such as elevated biomarkers or  
significant ECG changes. Those patients should be referred 
immediately for invasive imaging.

Bypass graft imaging is more easily accomplished than coro
nary artery imaging because of the larger size of bypass grafts 

Box 8-1 Appropriate Indications for CCT

detection of Cad (Symptomatic)

• Intermediate pre-test probability of CAD
• ECG uninterpretable or unable to exercise
• Evaluation of suspected coronary anomalies
• uninterpretable or equivocal stress test (exercise, 

perfusion, or stress echo)

Structure and Function

• Assessment of complex congenital heart disease 
including anomalies of coronary circulation, great 
vessels, and cardiac chambers and valves

• Evaluation of coronary arteries in patients with 
new-onset heart failure to assess etiology

• Evaluation of cardiac masses
• Patients with technically limited images from 

transthoracic echocardiogram, mrI, or transesophageal 
echocardiogram

• Evaluation of pericardial conditions
• Evaluation of pulmonary vein anatomy before invasive 

radiofrequency ablation for atrial fibrillation
• Noninvasive coronary vein mapping before placement 

of biventricular pacemaker
• Noninvasive coronary arterial mapping, including 

internal mammary artery before repeat cardiac surgical 
revascularization

• Evaluation of suspected aortic dissection or thoracic 
aortic aneurysm

• Evaluation for suspected pulmonary embolism

(particularly saphenous vein grafts) and less rapid movement  
of bypass grafts as compared with native coronary arteries. The 
patency or occlusion of grafts can be determined by the presence 
or absence of distal target vessel contrast enhancement (Fig. 
82). Imaging internal mammary grafts is often more difficult 
because of artifacts caused by metallic clips near the grafts. 
Imaging of coronary artery stents is challenging because of 
artifacts caused by metal that can obscure visualization of the 
coronary artery lumen. Studies evaluating CCT to assess in
stent restenosis have been somewhat disappointing, yielding 
sensitivities of 54% to 83%. Stents less than 3.0 mm in diameter 
are much more likely to be nonevaluable. An additional impor
tant application of CCT is in patients with congenital abnor
malities of their coronary arteries, including anomalous coronary 
arteries and the presence of intramyocardial bridges (coronary 
arteries that, for a portion of their course, are not epicardial but 
rather covered by a layer of myocardial tissue).

CArDIAC CHAmbEr AND VALVuLAr EVALuATION

Through appropriate timing of chamber contrast enhancement, 
extensive cardiac morphologic and functional information  
can be obtained by CCT. Myocardial mass and ventricular  
function can be estimated with high accuracy. CCT can also 
provide a detailed morphologic picture of left atrial anatomy—
information that can be very useful before planned catheter 
(radiofrequency) ablation for atrial fibrillation. Three 
dimensional anatomic data obtained by CCT can be fused with 
electrical mapping data acquired in the electrophysiology lab 

CAD, coronary artery disease; CCT, cardiac computed tomography; 
ECG, electrocardiogram.
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and greatly facilitates the procedure. Characterization of native 
and prosthetic heart valves by CCT is not recommended in the 
current ACC/AHA guidelines. CCT may indeed become useful 
in assessing valve structure and function, but additional research 
is needed.

CONGENITAL HEArT DISEASE

Assessment of complex congenital heart disease including 
anomalous coronary circulation, great vessels, cardiac chambers, 
and valves are all appropriate indications for CCT. Specific 
indications include shunt detection, aortic geometry in coarcta
tion or Marfan’s syndrome, partial or total anomalous pulmo
nary venous return, and pulmonary artery visualization in 
patients with cyanotic heart disease.

EVALuATION Of INTrACArDIAC AND  
EXTrACArDIAC STruCTurES

In patients with technically limited images from echocardio
gram or MRI, CCT can be utilized to evaluate for cardiac mass 
(i.e., tumor or thrombus). Pericardial diseases can also be evalu
ated using CCT looking specifically for a pericardial mass, con
strictive pericarditis, or complications of cardiac surgery. 
Contrast enhancement of the pericardium or thickening of the 
pericardium (normal thickness is <2 mm) suggests an inflamma
tory process.

EVALuATION Of AOrTIC AND PuLmONAry DISEASE

In patients with suspected pulmonary embolism, CCT has both 
high sensitivity and specificity (>90%) for the diagnosis of proxi
mal pulmonary embolism. Emboli can be visualized in the main 
pulmonary artery and as far distally as the segmental pulmonary 

artery branches. Evaluation of the pulmonary venous anatomy 
is useful before (and after) atrial fibrillation ablation to assess 
for pulmonary vein stenosis. CCT assessment of the aorta typi
cally requires contrast enhancement. Threedimensional recon
struction can be useful diagnostically and also before planned 
endovascular repair. Typical indications for CCT in assessment 
of the aorta include aneurysm, communicating dissection, and 
noncommunicating dissecting intramural hematoma.

CCT Clinical Examples

Evaluation of patients with chest pain can be a very difficult task. 
Many patients do not present with typical symptoms, and given 
the likelihood of significant CAD in young patients, consider
ation of CCT as part of the evaluation of individuals with typical 
or atypical chest pain is appropriate (Fig. 83A and B).

Figure 8-2 3D cardiac computed tomography volume rendering 
showing patent bypass grafts.

Figure 8-3 Conventional diagnostic coronary angiogram and 
coronary computed tomography (CT) angiogram.

(A) Conventional coronary angiogram showing severe left
main coronary artery disease (arrow) and (B) complementary
coronary CT angiogram showing same left main lesion
(arrowhead) with mixed calcified and noncalcified plaques.

A

B
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Coronary CT Angiography in Asymptomatic 
Individuals (Screening)

Currently there is no indication for performing CTA in asymp
tomatic patients. Indeed, the appropriateness criteria defini
tively recommend against the use of CCT in the asymptomatic 
population until further evidence suggests that it would posi
tively affect outcomes.

CCT Limitations

CCT involves exposure to radiation and the potential for radi
ationrelated risk (particularly related to the risk of cancer 
induction). Radiation exposure (effective dose) is quantified in 
millisieverts (mSv). Patient radiation doses are dependent upon 
tube current (milliamperes) and tube voltage (kiloelectron volts), 
as well as duration of radiation exposure, and are estimated to 
be 3 to 15 mSv. For comparison purposes, typical gated cardiac 
singlephoton emission tomography carries a similar radiation 
dose (effective dose = 10–15 mSv), while conventional coronary 
angiography carries a lower radiation dose (effective dose = 
6 mSv) compared with CCT. ECGcorrelated tube current 
modulation (reduction of tube current in systole) can reduce 
radiation exposure by 30% to 50%. Studies have estimated that 
CCT yields a lifetime risk of 0.07% of inducing a fatal cancer 
in the general population. Although this risk is low, it does mean 
that CCT is not well suited for use as a screening test on a 
regular and repeated basis.

A typical CCT requires 80 to 130 mL of nonionic contrast 
medium containing 300 to 350 mg of iodine per milliliter. Aller
gic contrast reactions are reported in 0.2% to 0.7% of patients 
receiving nonionic contrast materials. In the absence of preexist
ing renal disease, the risk of renal dysfunction due to contrast 
administration is low.

Future Directions

It is estimated that nearly 60 million CT scans were performed  
in the United States in 2001, with utilization growth estimated  
at 9% per year in the coming decade. Current CCT use has not 
constituted a broad replacement for conventional coronary angi
ography, but in appropriately selected patients, it may serve as a 
useful alternative. Dualsource CCT has improved temporal 
resolution, and 320detector row coronary CTA now allows 
imaging of the entire heart in a single heartbeat. Combination 
cardiac PET/CT promises to provide additional information 
regarding cardiac morphology, perfusion, and metabolism. At 
present, CCT is not covered by many insurance carriers. Based 
on the results of ongoing clinical studies—demonstration of both 
efficacy and costeffectiveness of CCT as a diagnostic modality—
there may well be expanded coverage of CCT by insurers.

CaRdIaC MagneTIC  
ReSonanCe IMagIng

CMR is less advanced as a noninvasive diagnostic imaging tech
nique for the evaluation of cardiovascular disease, both clinically 
and in research applications. Nonetheless, improvements in 
image quality, speed of data acquisition, and reliability are 

increasing the usefulness of CMR for clinical applications. CMR 
is similar to echocardiography in that neither utilizes ionizing 
radiation to acquire highresolution images. However, CMR 
offers considerably more detailed cardiac morphology than 
either echocardiography or CCT. In addition, the versatility of 
CMR permits imaging of a large field of view in nearly any 
plane. CMR has been demonstrated to be very useful for assess
ment of valvular heart disease, complex congenital heart disease, 
intracardiac and extracardiac masses, and pericardial disease, as 
well as for measurement of blood flow velocity, tissue charac
terization via perfusion imaging, and noninvasive angiography.

Technology of CMR

MRI (including CMR) is based upon the following general 
principles. Water is a major component of all tissues in the 
body. Each water molecule contains two hydrogen nuclei (or 
protons). Protons can be aligned by application of a powerful 
magnetic field. A second radiofrequency electromagnetic field 
can then be briefly applied and then turned off. As protons 
return to their original alignment after the electromagnetic field 
is turned off (“relaxation”), they generate a net magnetization 
that decays to its former position with energy loss in the form 
of a radio signal that can be detected with a radiofrequency 
antenna and quantified. Image tissue contrast depends on dif
ferences in the decay of net magnetization in the longitudinal 
plane (T1) and transverse plane (T2). Through the application 
of additional electromagnetic fields (gradient fields), radio waves 
coming from the body can be detected, allowing spatial localiza
tion within an imaging plane.

Data Acquisition Sequences and Techniques

CMR utilizes two basic imaging sequences: spin echo (“dark 
blood”) and gradient echo (“bright blood”). Spinecho sequences 
are commonly used for multislice anatomic imaging, providing 
clear delineation of the mediastinum, cardiac chambers and 
great vessels. Alternatively, gradient echo sequences are used 
more for physiologic assessment of function through cine acqui
sitions. Because of higher possible imaging speeds, gradient 
echo is more appropriately used for coronary artery imaging, 
ventricular and myocardial perfusion assessment, valvular assess
ment, and aortic flow quantification. Phase velocity mapping 
(PVM) entails application of a bipolar velocityencoding gradi
ent to provide quantitative flow velocity and volume flow. All 
cardiac and most vascular CMR sequences require cardiac 
gating. Through acquisition of multiple segments at different 
phases of the cardiac cycle, a cine image loop can be created 
tracking cardiac motion. Perfusion imaging, through the use of 
intravenous contrast agents, permits cardiac tissue characteriza
tion. Currently, only gadoliniumbased contrast agents, che
lated to other nontoxic molecules for clinical use, are utilized 
for imaging the cardiovascular system.

Clinical Indications

VENTrICuLAr fuNCTION

CMR is highly accurate and reproducible, providing clinically 
useful measurements of cardiac wall thickness and chamber 
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Figure 8-4 Magnetic resonance imaging can generate images 
of the heart in arbitrary orientation.

Two-chamber

Three-chamber—LVOT view

Four-chamber

A

B
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volumes (Fig. 84). Increasingly, CMR is becoming recognized 
as the “gold standard” for assessment of left and right ventricu
lar function. Left ventricular ejection fraction, left ventricular 
enddiastolic volume, left ventricular endsystolic volume, 
stroke volume, and left ventricular mass can all be reliably quan
tified. Left ventricular diastolic function can also be reliably 

interrogated using PVM, which, unlike echocardiography, is  
not limited to a onedimensional approach and thus allows  
more complete, and thereby accurate, evaluation of myocardial 
relaxation.

AOrTIC DISEASE

CMR has rapidly evolved into a clinically reliable, reproducible 
modality to evaluate the aorta and its primary branch vessels. 
Gadoliniumenhanced threedimensional CMR angiography is 
an extremely rapid technique that can accurately depict aortic 
aneurysms, dissections, and thrombus. Stentgraft planning, 
now a common use of CMR, is often used before stentgraft 
placement in aortic disease, allowing selection (and when neces
sary custom design) of stentgrafts to be used. Aortic branch 
vessels, including carotid, renal, and mesenteric vessels, can also 
be very accurately evaluated with MRI.

ISCHEmIC HEArT DISEASE

CMR can be used to assess myocardial viability and the extent 
of myocardial infarction. It is the imaging modality of choice 
for patients in whom there is a question about whether the 
distribution of a targeted revascularization is viable or not (Fig. 
85). For this application, compared with nuclear imaging, 
CMR is much more sensitive in detecting subendocardial viabil
ity (and lack of viability) and, obviously, CMR does not require 
injection of radionuclides. Gadolinium is excluded from myo
cardial cells with intact membranes and thus is very useful in 
defining areas of infarction. Correlation with anatomic speci
mens suggests a sensitivity and specificity above 95%. Delayed 
hyperenhancement (DHE) protocols are based on the high
intensity (“bright”) signal that characterizes firstpass perfusion 

Figure 8-5 Cardiac magnetic resonance imaging—transmural 
and nontransmural scars.

Example of a patient that has sustained a myocardial infarction 
and demonstrates an area of transmural scar at the apex (arrow)
and nontransmural scar involving the lateral wall (arrowhead).
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images of infarcted myocardium. Firstpass perfusion images 
that appear hypointense are probably a combination of ischemic 
and infarcted tissues. An inverse relationship between hyperen
hancement and viability is related to the extent of transmural 
infarction. The highest likelihood of recovery exists when the 
transmural infarction extent, as assessed by DHE, is less than 
50%.

CArDIOmyOPATHIES

CMR is becoming an important tool in the evaluation of dilated 
cardiomyopathy, hypertrophic cardiomyopathy, and infiltrative 
disorders. It provides accurate assessment of ventricular func
tion in patients with dilated cardiomyopathies. DHE CMR has 
a niche role in helping to differentiate heart failure related to 
dilated cardiomyopathy from CAD. Even so, the distinction is 
not perfect. More than 10% of patients with dilated nonisch
emic cardiomyopathy have gadolinium enhancement that is 
identical in appearance to that seen in patients with CAD.

CMR is equally useful in assessment of patients with cardio
myopathy. In hypertrophic cardiomyopathy, CMR can localize 
hypertrophy, particularly when echocardiography data are 
equivocal. Cine images can also demonstrate systolic anterior 
motion of the anterior mitral valve leaflet and dynamic outflow 
tract obstruction, useful measures in selecting an optimal thera
peutic approach. CMR also has a role in the evaluation of 
patients with suspected infiltrative cardiomyopathies. Sarcoid
osis is an infiltrative granulomatous disease pathologically 
known to nonuniformly involve the myocardium. This patchy 
distribution tends to result in a moderate to high number of 
falsenegative cardiac biopsy results. When an initial biopsy 
result is negative in patients with suspected cardiac sarcoidosis, 
one must consider the benefits of repeated biopsy procedures, 
given the risks inherent in this procedure. CMR late hyperen
hancement using gadolinium can depict areas of interstitial 
changes and granulomatous disease (Fig. 86). In patients with 
a high pretest probability for cardiac sarcoid, CMR can poten
tially serve as a reliable screening tool obviating the need for 
biopsy, particularly if the diagnosis of sarcoidosis has been con
firmed by biopsy of noncardiac tissue. Amyloid infiltration in 
the myocardium may show increased signal with DHE imaging 
sequences. Additionally, the combination of ventricular hyper
trophy without ECG concordance, atrial wall thickening,  
valve thickening, and restrictive diastolic filling pattern can  
collectively raise the clinical suspicion for infiltrative cardiac 
amyloidosis. CMR is also capable of confirming the diagnosis 
of arrhythmogenic right ventricular dysplasia, a diagnosis that 
historically is based upon meeting several major and minor 
criteria. Use of contrast agents and DHE imaging may permit 
detection of fibrofatty right ventricular free wall infiltration,  
an observation that increases specificity for this otherwise  
difficult diagnosis.

PErICArDIAL DISEASES

Normal pericardium thickness on CMR is 1 to 4 mm. Func
tional and structural abnormalities of the pericardium are typi
cally evaluated with CMR only when echocardiography or CCT 
provides equivocal information. CMR has been reported to 

Figure 8-6 Sarcoidosis: CMR phase-sensitive inversion recovery.

Patchy, nontransmural delayed hyperenhancement involving
mid-septum and inferoseptum in a patient with cardiac
sarcoidosis (arrow).

provide 93% accuracy for the detection of constrictive pericar
ditis, given the appropriate clinical presentation. Findings 
include thickened pericardium, ascites, atrial enlargement, hep
atomegaly, and systemic and pulmonary vein enlargement. 
Tissue tagging is a clinically applicable technique in the evalu
ation of constrictive pericarditis. Failure to see slippage between 
the visceral and parietal pericardia suggests fibrosis, scarring,  
or connections between these two normally separate tissue 
layers. CMR has also proven useful in the evaluation of pericar
dial cysts.

VALVuLAr HEArT DISEASE

Due to high temporal and spatial resolution, CMR has become 
a valuable complementary technique for evaluating the severity 
of valvular heart disease. Through a combination of steadystate 
free precession and PVM, CMR can provide a comprehensive 
valvular assessment. Although echocardiography is capable of 
superior temporal resolution, is more accessible, and is less 
laborintensive, CMR is userindependent, capable of imaging 
flow in three dimensions (x, y, and z planes), more accurate for 
measuring absolute flow volumes and velocities, and feasible  
in patients whose body habitus precludes obtaining optimal 
echocardiographic images. In valvular regurgitant lesions, PVM  
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can provide exact quantifications of regurgitant volume and 
regurgitant fraction. In patients with aortic stenosis, planimetry 
of the aortic valve provides accurate measurements rather than 
geometric estimations available via echocardiography and cath
eterization techniques. Additionally, CMR provides accurate 
measurement of peak transstenotic jet velocities that are orthog
onal to the valve, not merely across it.

CArDIAC mASSES

CMR is the imaging modality of choice for evaluation of cardiac 
masses because of its ability to characterize tissue. Spinecho 
imaging provides excellent images for evaluation of the pres
ence, extent, attachment site, and secondary effects of cardiac 
mass lesions. CMR has a proven role in the identification of 
intracardiac thrombi, primary and secondary cardiac tumors, 
and pericardial cysts (Fig. 87). A unique feature of benign 
cardiac tumors on CMR is that they generally exhibit an isoin
tense signal with respect to the myocardium in both T1 and 
T2weighted imaging sequences. Contrast uptake is most often 
an ominous sign suggestive of malignant lesions.

CONGENITAL HEArT DISEASE

CMR is an ideal imaging modality for the assessment of  
congenital heart disease, providing superior anatomic imaging 
coupled with functional interrogation and reproducibility.  
In the evaluation of great vessel abnormalities, CMR is the  
gold standard for assessment of aortic coarctation. Through 
velocity mapping of the coarctation jet, a pressure gradient  
can be determined. Tetralogy of Fallot, including overriding 
aorta, membranous ventricular septal defect, right ventricular 
hypertrophy, and infundibular or pulmonary stenosis, can  
be completely characterized before and after correction. CMR 
is also capable of reliably depicting anomalous coronary arteries 
and their relation to other cardiac structures and the  
great vessels.

PuLmONAry VASCuLAr DISEASE

CMR is well suited for the evaluation of pulmonary artery 
aneurysms and dissection. Evaluation of pulmonary vein steno
sis is becoming increasingly important with the increased use of 
radiofrequency catheter ablation for supraventricular arrhyth
mias and atrial fibrillation. CMR is capable of evaluating pul
monary venous stenosis. In addition, CMR can noninvasively 
confirm anomalous pulmonary venous drainage associated with 
an atrial septal defect—an important consideration before cor
rective surgery.

COrONAry ArTEry byPASS GrAfT ImAGING

Although coronary angiography remains the “gold standard” for 
evaluating coronary atherosclerotic disease, CMR will probably 
be used in the future for noninvasive assessment of the coronary 
arteries. CMR imaging of coronary artery bypass grafts (for 
assessment of patency) is already quite accurate. The main limi
tations to CMR coronary angiography include limited spatial 
resolution, respiratory motion, rapid coronary motion (up to 

Figure 8-7 Blood sequences showing left atrial myxoma.
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20 cm/s in certain phases), and inability to easily assess distal 
runoff. Quantification (and sometimes even detection) of coro
nary luminal stenoses remains challenging. At present this is an 
area of significant research. Coronary flow velocities can be 
estimated by CMR, and some centers are now using adenosine 
infusion with CMR to measure coronary flow as a diagnostic 
test for functionally important CAD. Anomalous coronary 
arteries can be identified through the use of CMR. In particular, 
CMR is well suited to demonstrate the relationship of anoma
lous coronary arteries to other vascular structures (the aorta and 
main pulmonary artery) and thus to make decisions on the need 
and timing of surgery.
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Safety, Risks, and Contraindications

Because of the physical nature of CMR, magnetic field genera
tion poses a risk to patients of moving metallic, ferromagnetic 
projectiles while physically inside the scanner. Care must be 
taken to ensure protocols are in place to minimize this risk. 
Most prosthetic heart valves, vascular stents including coronary 
artery stents, and orthopedic implants are safe to be imaged 
using CMR, but at present CMR is generally contraindicated 
for patients with metallic implants and implantable pacemakers 
and defibrillators. A major concern in this regard has been that 
the programming of these devices would be deleteriously 
altered. In vitro and in vivo experiments have suggested that 
certain devices may be MRIsafe; however, there remains a risk
benefit assessment on a casebycase basis. Some patients with 
previous neurologic procedures remain at increased risk from 
MR technology. Neurologic consultation is essential under 
these circumstances.

Future Directions

CMR has advanced rapidly in the past decade, and the clinical 
applications for its use continue to evolve. Ultrafast imaging 
through improved magnet design will continue to improve  
the logistic constraints associated with CMR. CMR holds 
promise for further assessment and characterization of athero
sclerotic plaque burden and composition, and research is active 
in this area.
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Diagnostic Coronary Angiography

George A. Stouffer

T he ability to directly visualize coronary arteries was a 
seminal advance in the history of modern medicine and led 

directly to the development of the concept of transluminal 
angioplasty (first performed in 1964), coronary artery bypass 
grafting (first performed in 1967), percutaneous transluminal 
peripheral balloon angioplasty (first performed in 1974), and 
percutaneous transluminal coronary balloon angioplasty (first 
performed in 1977). With the high prevalence of coronary 
artery disease (CAD) in industrialized countries, coronary angi-
ography remains an important diagnostic modality. This chapter 
focuses on coronary anatomy and the technique of coronary 
angiography and its clinical uses.

CoronAry AnAtomy AnD AnomAlies

The right coronary artery (RCA) arises from the right coronary 
sinus and runs in the right atrioventricular groove (Fig. 9-1). 
Generally, the conus artery and the sinoatrial artery arise from 
the RCA. In approximately 85% of individuals, the posterior 
descending coronary artery arises from the RCA (defined as a 
right dominant coronary circulation). The left main coronary 
artery arises from the left coronary sinus. Within a few centi-
meters of its origin, it divides into the left anterior descending 
(LAD) coronary artery (in the anterior interventricular groove), 
the left circumflex coronary artery (in the atrioventricular 
groove), and, in a minority of cases, a ramus intermedius artery.

Coronary artery anomalies are found in 1% to 1.5% of  
individuals (Fig. 9-2), and most of these anomalies are benign. 
The most common coronary artery anomaly is the presence of 
separate origins of the LAD and left circumflex arteries from 
the aorta (i.e., absence of a left main coronary artery), which 
occurs in 0.4% to 1% of individuals and is occasionally associ-
ated with a bicuspid aortic valve. Clinically significant anomalies 
include origin of a coronary artery from the opposite coronary 
sinus (e.g., left main artery originating from the right coronary 
sinus), presence of a single coronary ostium (and hence a single 
coronary artery), and origin of a coronary artery from the pul-
monary artery.

DesCription of teChnique

Coronary angiography delineates the course and size of the 
coronary arteries, identifies coronary anomalies, and provides 
information on the location and degree of any obstruction (Box 
9-1). Coronary angiography is performed by injecting radi-
opaque contrast dye directly into the ostium of the left and  
right coronary arteries. Access to the aorta is usually gained  
via percutaneous puncture of the femoral artery; however, bra-
chial, radial, and axillary arteries can also be used for arterial 
access. Specific preformed catheters are passed over a guide  
wire into the aortic root. Selection of the catheter to be used 
depends on the access site, the coronary artery being investi-
gated, and operator preference. The wire is removed, and the 

coronary artery is cannulated with fluoroscopic guidance. Con-
trast dye is injected during cineradiography, while blood pres-
sure and ECG are continually monitored and sequential frames 
are recorded.

Complete evaluation of coronary arteries involves angiogra-
phy in multiple projections (Figs. 9-3 and 9-4). This is necessary 
in order to appreciate the three-dimensional aspects of the coro-
nary arteries with this two-dimensional imaging technique. 
These views are obtained by rotating the imaging system to 
different positions around the patient, who lies supine on a 
radiolucent table. Views from the left or right of the patient can 
be obtained by varying the degrees of the angle. The imaging 
system can also be rotated from head (cranial) to toe (caudal) 
positions. Although almost limitless combinations of potential 
imaging positions exist, several standard views are utilized that 
in most cases allow full visualization of the coronary arteries. In 
all cases, multiple views help to delineate vessel tortuosity and 
avoid potential misinterpretations as a result of either foreshort-
ening of specific areas or overlapping coronary artery branches.

The most commonly used views for left coronary angiogra-
phy include right anterior oblique (RAO) with cranial and 
caudal angulation, left anterior oblique (LAO) with cranial and 
caudal angulation, and anteroposterior with cranial and caudal 
angulation. Views most commonly used for RCA angiography 
include RAO and LAO projections with or without cranial 
angulation. Individual variation in coronary anatomy or location 
of stenoses often necessitates customization of projections. 
Standard nomenclature to define coronary segments has been 
developed by several groups, including investigators in the  
Coronary Artery Surgery Study and the Bypass Angioplasty 
Revascularization Investigation.

The usual method of analyzing angiograms in clinical prac-
tice is visual identification of areas of relative narrowing, with 
quantification by comparing the minimal diameter of the nar-
rowed coronary segment with that of an adjacent, normal-
appearing reference segment. Although experienced observers 
may estimate the degree of stenosis visually, stenoses can be 
quantified using calipers or quantitative computer angiography. 
Because atherosclerotic plaques are often eccentric, orthogonal 
views are needed to accurately determine the degree of 
obstruction.

Flow in coronary arteries can be estimated at the time of 
coronary angiography with a scale developed by the Throm-
bolysis in Myocardial Infarction (TIMI) investigators. Flow 
defined as TIMI 0 indicates a completely occluded artery. TIMI 
1 flow describes a severe lesion in which dye passes the area of 
narrowing but does not extend to the vessel’s distal portion. 
With TIMI 2 flow the distal vessel is opacified but not as rapidly 
as would be expected or as rapidly as nonobstructed vessels. 
TIMI 3 flow is “normal.” The TIMI flow index has shown 
significant prognostic value. TIMI “frame counts,” the number 
of frames necessary for dye to reach the vessel’s distal portion, 
are used as a quantitative index of flow.
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figure 9-2 Coronary arteries and cardiac veins: variations.

Anterior interventricular (left anterior
descending) branch of left coronary
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(posterior descending)
branch derived from
circumflex branch of left 
coronary artery instead
of from right coronary
artery.

Posterior interventricular (posterior
descending) branch absent. Area
supplied chiefly by small branches
from circumflex branch of left
coronary artery and from right
coronary artery.

Posterior interventricular
(posterior descending)
branch absent. Area
supplied chiefly by elongated
anterior interventricular
(left anterior descending)
branch curving around apex.

figure 9-1 Coronary arteries and cardiac veins.
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Microvascular integrity can be assessed at the time of coro-
nary angiography with angiographic myocardial blush scores. 
These scores, which measure contrast dye density and washout 
in the area of interest, correlate with left ventricular (LV) func-
tional recovery after myocardial infarction (post-MI) and prog-
nosis. In the setting of acute MI, myocardial blush scores add 
additional prognostic information to TIMI frame score and 
persistent ST-segment elevation.

Coronary angiography can be performed separately or as part 
of cardiac catheterization or an interventional procedure. Most 
patients referred for diagnostic angiography also undergo left 
heart catheterization and left ventriculography. When clinically 
indicated, patients undergoing coronary angiography will also 
undergo angiography of other vascular beds. For example, 
patients with resistant hypertension may undergo renal angiog-
raphy; those with claudication may undergo lower extremity 
artery angiography; and those with left internal mammary artery 
grafting to the LAD coronary artery may undergo subclavian 
angiography (Fig. 9-5).

inDiCAtions

The most common indication for coronary angiography is to 
determine the presence, location, and severity of atherosclerotic 
lesions. Coronary angiography provides essential information in 
the diagnosis of CAD, in determining prognosis, and in decision 
making regarding revascularization. Neither percutaneous cor-
onary intervention or coronary artery bypass graft can occur 
without coronary angiography. More rarely, coronary angiog-
raphy is used to diagnose anomalies, muscular bridging, fistulas, 
spasm, emboli, aneurysms, and arteritis.

Indications for coronary angiography in a random sample of 
100 consecutive patients at the University of North Carolina 
are listed in Table 9-1. The most common indication was for 
evaluation of symptomatic CAD—either stable angina or acute 
coronary syndrome. Less common indications included valvular 
heart disease; congestive heart failure; evaluation before heart, 
lung or liver transplant; periodic evaluation after heart trans-
plant; and congenital heart disease. Other appropriate indica-
tions for coronary angiography that were not present in this 
cohort of patients include having survived sudden cardiac death, 
having a history of ventricular tachycardia, abnormal results of 

Box 9-1 Information Provided by Selective 
Coronary Angiography

• Origin of major coronary arteries
• Size of coronary arteries
• Course of coronary arteries
• Branches originating from large and medium coronary 

arteries
• Degree and location of lumen irregularities
• Presence of fistulas
• Presence of collaterals
• Presence of bridging
• Presence of large thrombus
• Aneurysms
• Spasm and response to nitroglycerin
• Coronary plaques—location, degree of narrowing, 

eccentricity, involvement of side branches, length

figure 9-3 Coronary arteries: arteriographic views. 
AV, atrioventricular; SA, sinoatrial.

Left coronary artery: Left anterior oblique view
Left coronary artery

Circumflex branch

Arteriogram

Left anterior descending
(anterior interventricular branch) 

Diagonal branches of anterior 
interventricular branch

Atrioventricular branch of circumflex
branch

Left marginal branch

Posterolateral branches 

(Perforating) interventricular septal branches 

Left coronary artery: Right anterior oblique view
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stress tests in high-risk occupations (e.g., pilot or bus driver), 
history of postrevascularization ischemia, and being a prospec-
tive heart transplant donor whose age and risk factor profile 
suggest possible CAD.

Use of Coronary Angiography in the 
Evaluation of Patients with Chest Pain

The American Heart Association and American College of  
Cardiology publish guidelines on the indications for coronary 
angiography. Use of coronary angiography in specific condi-
tions is assigned a rating based on the weight of evidence  
that either (1) supports the indication (classes I and IIa), (2) 
argues against the indication (class III), or (3) is insufficient  
to support or refute the indication (class IIb). Because there  
are risks associated with coronary angiography, patients with 
class III indications should rarely, if ever, undergo the proce-
dure. Referral for angiography with class II indications is a 
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figure 9-4 Coronary angiography. LAD, left anterior descending; LCX, left circumflex; PDA, posterior descending artery; 
PL, posterolateral; RCA, right coronary artery. 

decision involving assessment of the risk-to-benefit ratio by  
the referring physician and the patient. Many patients with class 
IIa indications are referred for angiography, but it is uncommon 
for patients with class IIb indications to undergo coronary angi-
ography. Despite the guidelines, marked differences exist in 
practice patterns among individual physicians, geographic 
regions within the United States, and different countries. In 
some areas, coronary angiography is considered the standard of 
care for a particular clinical scenario (such as following an 
uncomplicated MI), whereas noninvasive approaches are favored 
elsewhere.

The two most important issues in the evaluation of patients 
with suspected ischemic chest pain are the identification of the 
extent of CAD and the delineation of LV function (Fig. 9-6). 
This can be done either directly (e.g., cardiac catheterization) 
or indirectly (e.g., exercise treadmill testing). If patients have 
stable, exertional symptoms, an exercise treadmill test can 
provide diagnostic and prognostic information. In addition to 
ECG findings, the test provides information on symptoms 
during exercise, blood pressure response, and duration of exer-
cise. Combining ECG monitoring with either nuclear imaging 
(to determine myocardial perfusion) or echocardiographic 
imaging (to determine LV function) during exercise enhances 
the sensitivity and specificity of treadmill testing (see Chapters 
6 and 7). Imaging is essential in patients in whom the ECG 
response cannot be interpreted (e.g., left bundle branch block 

or Wolff-Parkinson-White syndrome). It is also extremely 
helpful in situations in which the sensitivity and/or specificity 
of exercise ECG is reduced, for example, in middle-aged females 
or in individuals with electrocardiographic evidence of LV 
hypertrophy. Pharmacologic stress testing coupled with imaging 
is available for patients unable to exercise.

Evidence for flow-limiting CAD on stress testing is an  
indication to proceed to coronary angiography. Occasionally, 
further evaluation is not needed if patient symptoms are con-
trolled by medical therapy and if information from the stress 
test (e.g., duration of exercise, extent of ischemia) suggests that 
patient prognosis is good. Rarely, patients with normal results 
of stress tests are referred for coronary angiography. Generally, 
these are patients with typical symptoms in whom results of the 
stress test are thought to be falsely negative.

In selected patients with stable symptoms and in all patients 
with unstable symptoms, cardiac catheterization is performed 
without prior stress testing. Included in this group are patients 
with symptoms highly typical of angina, congestive heart failure, 
prior MI, and prior revascularization and/or with symptoms at 
a low level of exertion (class III or IV). In addition, patients with 
unstable symptoms should be referred directly for catheteriza-
tion. In particular, patients with unstable angina, recent non- 
Q-wave MI or acute ST-elevation MI should be referred for 
urgent or emergent angiography, with possible use of percuta-
neous intervention (see Chapters 13–15).
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Reprinted from Circulation 2002;105:184e,
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Initial left coronary artery angiography in a patient with prior
bypass surgery with complaints of increasing angina. Angiogram
demonstrates retrograde flow of dye up LIMA into subclavian
artery (arrow).
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minimal appearance
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figure 9-5 Angiographic demonstration of subclavian steal. LAD, left anterior descending; LIMA, left internal mammary artery.

Noninvasive coronary angiography is another modality avail-
able to evaluate CAD. This technique visualizes the coronary 
arteries with multidetector CT following intravenous injection 
of contrast dye. This technique (often referred to as CT angi-
ography) has a high sensitivity for detecting coronary calcifica-
tion and plaque, although quantification of the degree of stenosis 
is less accurate than with standard coronary angiography. Cur-
rently, CT angiography is primarily used in patients with a low 
pre-test probability of disease. Limitations of noninvasive angi-
ography include the radiation dose, the need for relative brady-
cardia (although this is less of an issue with newer scanners), and 
intraobserver variation in interpretation. A more detailed dis-
cussion of this technique is included in Chapter 8.

ContrAinDiCAtions

The only absolute contraindication to coronary angiography is 
lack of patient consent. However, relative contraindications 
reflect the procedure’s increased risk in certain conditions. 
Acute renal failure or severe preexisting renal dysfunction, espe-
cially in diabetic individuals, identifies patients at high risk for 
contrast-induced nephropathy. Severe coagulopathy (due to 
comorbid diseases or medications such as warfarin), active 
bleeding, or both limits the ability to anticoagulate the blood of 
patients for interventional procedures and increases the risk of 
vascular complications. Decompensated heart failure can lead to 
respiratory failure when the patient is required to remain supine 
during the procedure. Electrolyte abnormalities and/or digitalis 
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figure 9-6 Simplified approach to management of patients with symptoms suggestive of coronary is chemia. CAD, coronary artery 
disease; ECG, electrocardiogram.
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ST-segment elevation on ECG Stable symptoms, normal cardiac biomarkers,
and no ECG changes suggestive of ischemia

Elevated cardiac biomarkers and/or ST-segment
depression or T-wave inversion on ECG

Emergent cardiac catheterization 
with coronary angiography

table 9-1 Indications for Coronary Angiography

indications percentage of patients*

Exertional angina 51
Non–ST-elevation MI 18
Congestive heart failure 9
Primary treatment of ST-elevation MI 7
Valvular heart disease 6
Cardiogenic shock 2
ST elevation after administration of thrombolytic agents (rescue angioplasty) 1
Miscellaneous 6
 Annual evaluation after heart transplantation –
 Hypertrophic cardiomyopathy with chest pain –
 Constrictive pericarditis –
 Congenital heart disease –
 Preoperative evaluation for proximal aortic and/or aortic arch aneurysm repair –
 Preoperative assessment for aortic dissection repair –
 Evaluation before heart, lung, or liver transplantation –
 Ventricular arrhythmias and/or survival of sudden cardiac death –
 Abnormal stress tests in high-risk occupations (e.g., pilot) –
 Postrevascularization ischemia –
 Prospective heart transplant donor whose age and risk factor profile suggests the possibility 

of CAD
–

 Patient who is at high risk for coronary disease when other cardiac surgical procedures 
(e.g., pericardectomy) are planned

–

CAD, coronary artery disease; MI, myocardial infarction.
* The percentages reflect the relative volume at the University of North Carolina based on a random sample of 100 consecutive patients.

toxicity can predispose the patient to malignant arrhythmias 
during contrast injection. Other relative contraindications 
include patient inability to cooperate, active infection, allergy to 
contrast agents, uncontrolled hypertension, severe peripheral 
vascular disease, and pregnancy. Because life-threatening com-
plications can occur in any of these circumstances, it is essential 
that the risk-to-benefit ratio of coronary angiography is consid-
ered and discussed with the patient (and/or family members) 

and that all possible precautions are taken to minimize the 
potential for an adverse outcome.

limitAtions

Coronary angiography outlines the vessel lumen but is unable 
to provide any information on wall thickness. Proper interpreta-
tion of stenosis severity involves identification of an appropriate 



CHAPTER 9 • Diagnostic Coronary Angiography 77

acute coronary syndrome, renal failure, left main CAD, severe 
valvular disease, increased age, peripheral vascular disease, prior 
anaphylactoid reaction to contrast media, and congestive heart 
failure. The risks of cardiac catheterization with coronary angi-
ography are outlined in Table 9-2. Complication rates have 
been remarkably consistent across registries from the 1980s and, 
indeed, more recent registries have focused on complications 
associated with coronary interventions.

future DireCtions

During the 50 years of diagnostic coronary angiography, con-
tinual improvement in catheters, imaging approaches, and arte-
rial access techniques have allowed the procedure to be 
performed more quickly and safely. Many investigators are now 
examining whether noninvasive approaches to coronary artery 
imaging (based on improvements in MRI or CT) will lessen the 
need for, or even replace, diagnostic coronary angiography. 
Whether it is the routine use of noninvasive imaging or further 
modifications of invasive imaging, further reduction in morbid-
ity and mortality rates associated with defining coronary anatomy 
will undoubtedly be achieved in coming years.
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reference segment with which to compare the abnormal section. 
Furthermore, even with identification of a proper reference 
section, experienced observers are limited in their ability to 
consistently identify hemodynamically significant coronary 
stenoses.

These limitations have led to development of technologies to 
supplement coronary angiography, including intravascular ultra-
sound and pressure wire analysis. Intravascular ultrasound pro-
vides two-dimensional cross-sectional images in which the 
vessel’s three layers (intima, media, and adventitia) can often be 
identified and characterized (see Chapter 2). Luminal cross-
sectional area, wall thickness, and plaque area can be identified 
and quantified. Additionally, calcium, thrombus, and dissection 
planes can be imaged. Intravascular ultrasound is clinically useful 
in the assessment of complex coronary lesions, left main coro-
nary artery lesions, and results of interventional procedures.

Advances in technology have allowed the attachment of pres-
sure transducers to 0.014-in angioplasty wires, allowing deter-
mination of intracoronary pressure distal to coronary stenoses. 
By comparing distal coronary pressure with aortic pressure at 
rest and during conditions of maximal coronary hyperemia, 
fractional flow reserve can be calculated. Determination of frac-
tional flow reserve is clinically useful in assessment of inter-
mediate lesions (i.e., coronary lesions of unclear significance 
angiographically) and determination of adequate balloon angio-
plasty and/or stent placement.

CompliCAtions

The risk of major complications during coronary angiography, 
defined as death, MI, or stroke, is approximately 0.3%. If the 
definition is expanded to include vascular complications, 
arrhythmias, and contrast reactions, the risk of any complication 
is still less than 2%. Conditions that increase risk include shock, 

table 9-2 Complications of Coronary Angiography*

Year

1982 1989 1990

Total no. of 
complications

53,581 222,553 59,792

Death (%) 0.14 0.10 0.11
MI (%) 0.07 0.06 0.05
CVA (%) 0.07 0.07 0.07
Arrhythmia (%) 0.56 0.47 0.38
Vascular (%) 0.57 0.46 0.43
Total (%) 1.82 1.74 1.70

With permission from Kennedy JW. Complications associated with 
cardiac catheterization and angiography. Cathet Cardiovasc Diagn 
1982;8:5–11; Johnson LW, Lozner EC, Johnson S, et al. Coronary 
arteriography 1984–1987: a report of the Registry of the Society for 
Cardiac Angiography and Interventions. I. Results and complications. 
Cathet Cardiovasc Diagn 1989;17:5–10; and Noto TJ Jr., Johnson 
LW, Krone R, et al. Cardiac catheterization 1990: a report of the 
Registry of the Society for Cardiac Angiography and Interventions 
(SCA&I). Cathet Cardiovasc Diagn 1991;24:75–83.

CVA, cerebrovascular accident or stroke; MI, myocardial infarction.
* Rates of complications of coronary angiography and cardiac 

catheterization as reported by registries of the Society for Cardiac 
Angiography and Intervention.
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Left and Right Heart Catheterization

Allison G. Dupont, Mark E. Boulware, and George A. Stouffer

H eart catheterization involves placing a catheter into a 
cardiac chamber. The primary purpose is generally to 

obtain hemodynamic information, although other useful infor-
mation can be gained through catheterization of the atria or 
ventricles including a measurement of systolic function (e.g., 
ventriculography can provide important information on left 
ventricular [LV] function) and detection of abnormal intracar-
diac connections. Heart catheterization is distinct from coro-
nary angiography in which a catheter is placed in the coronary 
ostia (and thus external to the heart), although the two proce-
dures provide complementary information and typically are 
performed as a single procedure.

RigHt HeaRt and PuLmonaRy 
aRteRy CatHeteRization

The pulmonary artery (PA) catheter (also known as the  
Swan-Ganz catheter or right heart catheter) was developed in the 
1970s by Dr. Harold Swan, Dr. William Ganz, and colleagues. 
When a PA catheter is properly placed with its distal tip in a 
PA, the proximal port that is approximately 30 cm from the 
catheter’s tip generally lies in the right atrium (RA). This port 
can be used to transduce pressure or as central access for infu-
sion of fluids or intravenous medications. The port at the distal 
tip of the catheter is used to measure PA pressure and pulmo-
nary capillary wedge pressure (PCWP). An inflatable balloon 
present at the distal end of the PA catheter makes it possible for 
the catheter to temporarily occlude the PA and for the distal 
port to measure the pressure distal to the catheter. This pulmo-
nary venous pressure, in most cases, reflects the pressure in the 
left atrium (LA) and the LV diastolic pressure. A thermistor at 
the distal tip makes it possible to measure the change in tem-
perature of fluid injected into the proximal port of the PA 
catheter and to calculate cardiac output (CO), as will be described 
in more detail. Thus, placement of a PA catheter makes it pos-
sible to obtain information on cardiac function, including ven-
tricular preload (RA pressure is a reflection of right ventricular 
[RV] preload and PCWP is a function of LV preload), afterload 
(systemic vascular resistance [SVR] and pulmonary vascular 
resistance [PVR]), and CO.

PA catheters are used primarily in three different settings: in 
the cardiac catheterization laboratory, in intensive care units 
(ICUs) and in the operating room. PA catheters are used in the 
cardiac catheterization laboratory in patients for whom detailed 
hemodynamic information is needed. Examples include patients 
with valvular heart disease, cardiomyopathy, and suspected 
intracardiac shunts. For patients with dyspnea and low CO 
syndromes in whom the relative contributions of systolic and 
diastolic function are unknown or in whom the differential diag-
nosis includes restrictive cardiomyopathy and pericardial con-
striction, right heart catheterization performed concurrently 
with left heart catheterization is invaluable because patients  

with pericardial constriction can improve dramatically with 
pericardiectomy (see Chapters 20, 42, and 43). There is no 
consensus on which patients need right heart catheterization, 
and even in a single catheterization laboratory there may be 
wide practice variation in which patients undergo right heart 
catheterization.

It is generally accepted that right heart catheterization can 
be useful for diagnosis. A separate but related question is 
whether it is beneficial to make clinical management decisions 
over hours, days, or weeks using information obtained from  
an indwelling PA catheter. Several randomized studies have 
addressed this issue for operative patients and patients in an 
ICU setting. These studies, which have enrolled patients with 
heart failure, patients undergoing high-risk noncardiac surgery, 
and patients with acute respiratory distress syndrome, have 
shown no beneficial effects of using PA catheter–derived hemo-
dynamic information as a basis for ongoing clinical management 
decision making. Indeed, there has been no improvement in 
survival rates and an increased rate of complications in patients 
randomized to PA catheter–based therapeutic decisions. These 
studies have been criticized for several reasons, including 
improper patient selection (e.g., including low-risk patients who 
would not be expected to benefit), study design (e.g., expecting 
a monitoring tool to affect outcomes without specified treat-
ment protocols), and the use of variably experienced physicians 
for both catheter placement and interpretation of data. There-
fore, there is no clear consensus on whether PA catheters are 
beneficial or harmful for ongoing management in the operating 
room or in the ICU setting. That said, it is clear that in certain 
clinical settings, important initial diagnoses can be made and/or 
confirmed with the use of a PA catheter, as described below.

Indications for Right Heart Catheterization

Box 10-1 lists some common indications for PA catheter inser-
tion. As with any invasive procedure, the risks and benefits 
should be weighed for the individual patient, and a PA catheter 
should be inserted only if there is a specific question that will 
be answered with respect to making a diagnosis and/or guiding 
treatment. For instance, a PA catheter may be used to determine 
the cause of shock in a hypotensive patient in whom the cause 
is not evident based on signs, symptoms, and noninvasive testing. 
Guidelines and consensus statements on indications for PA 
catheter placement and use have been formulated by numerous 
groups, including the American Society of Anesthesiologists, an 
expert panel of the European Society of Intensive Care Medi-
cine, the American College of Chest Physicians, the American 
Thoracic Society, the American College of Cardiology, the 
Society of Critical Care Medicine, and a 1998 workshop con-
vened by the U.S. Food and Drug Administration. The reader 
is referred to these documents for information on the use of PA 
catheters in specific indications.
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to right bundle branch block, which is usually transient. This is 
typically inconsequential unless the patient has a preexisting left 
bundle branch block. In such a patient, the PA catheter–induced 
right bundle branch block can then lead to transient complete 
heart block. For this reason, in patients with a left bundle branch 
block, temporary pacing capabilities should be readily available 
in the event that complete heart block occurs.

PA catheters can also cause direct damage to the tricuspid or 
pulmonic valve and/or increase the risk of endocarditis involv-
ing either of these valves. An indwelling PA catheter can also be 
a nidus for thrombus formation, leading to an increased risk of 
pulmonary embolus and infarction. Pulmonary infarction can 
also occur from prolonged inflation of the balloon within a 
branch of the PA. The complication with the highest mortality 
rate is rupture of a PA due to either overinflation of the balloon 
at the distal tip of the PA catheter or repeated trauma to the 
PA. PA rupture is fatal in approximately 50% of cases. This 
complication, while rare, occurs most commonly in patients 
with PA hypertension. Other factors increasing the risk of PA 
rupture include advanced age, female sex, and frequent wedging 
of the balloon.

Data Obtained from Right Heart 
Catheterization

Right heart catheterization provides precise and detailed hemo-
dynamic information that often cannot otherwise be obtained 
(Table 10-1). These data include direct measurements and cal-
culations based upon those measurements. The pressures in the 
venae cavae, RA, RV, PA, and the pulmonary capillary wedge 
position (which is an estimation of LA pressure and LV diastolic 
pressure when there is no obstruction between the LA and LV) 
can all be directly measured using a PA catheter. CO can be 
calculated by either of two methods: thermodilution or the Fick 
method. To calculate CO by the thermodilution method, a 
substance cooler than blood (typically room temperature saline) 
is injected through the proximal port of the PA catheter. As the 
injected substance passes through the PA, the blood tempera-
ture decreases, and this change is measured by the thermistor 
at the distal tip. The change in the temperature over time is 
used to calculate the CO. The Fick principle, first described by 
Adolph Fick in 1870, states that the total uptake or release of a 
substance by an organ is the product of blood flow to that organ 
and the arteriovenous concentration of the substance. Using this 
principle, pulmonary blood flow can be determined using the 
arteriovenous difference of oxygen across the lungs and the 
oxygen consumption. Oxygen consumption can be assumed, but 
a more accurate measure of CO requires measurement of oxygen 
consumption. Direct measurement of oxygen consumption can 
be done using either a Water’s hood or a metabolic cart. In 
comparing cardiac performance among patients of various sizes, 
it is useful to calculate the cardiac index (CI). CI is simply the 
CO divided by the body surface area (BSA):

CI CO BSA=

SVR is a measure of afterload and can be calculated using 
data obtained from right heart catheterization. The equation for 
SVR is as follows:

Box 10-1 Common Indications for Right Heart 
Catheterization

• Determination of the cause of shock (vasodilatory vs. 
cardiogenic vs. hypovolemic)

• Management of cardiogenic shock following acute 
myocardial infarction

• Diagnosis and management of mechanical 
complications following acute myocardial infarction

• Diagnosis of pulmonary hypertension
• Determination of reversibility of pulmonary 

hypertension by vasodilator challenge
• Diagnosis of restrictive cardiomyopathy
• Diagnosis and treatment of congestive heart failure
• Hemodynamic monitoring in certain high-risk patients 

undergoing peripheral vascular, aortic, or cardiac 
surgery

• Determination of the cause of pulmonary edema 
(cardiogenic vs. noncardiogenic)

• Diagnosis and prognostic information in patients with 
valvular heart disease

• During the evaluation for heart, lung, or liver 
transplantation, since irreversible pulmonary 
hypertension provides information on potential benefit 
and risk of transplantation

• Diagnosis of constrictive pericarditis
• Diagnosis and localization of intracardiac shunts
• Determination of the hemodynamic significance of a 

pericardial effusion
• Quantification of LV preload
• Diagnosis of RV ischemia during myocardial infarction

Contraindications to and Complications  
of Right Heart Catheterization

PA catheter placement is absolutely contraindicated in a small 
number of circumstances. Physicians who use PA catheters must 
be familiar with these clinical settings. A PA catheter should not 
be placed in a patient with a mechanical prosthetic tricuspid or 
pulmonic valve, because the catheter can become entrapped 
within the valve apparatus. Patients with right-sided endocardi-
tis, intracardiac tumor, or thrombus also should not undergo PA 
catheterization. Finally, patients with a terminal illness in whom 
invasive measures will not affect outcome should not have this 
intervention.

Three categories of potential complications are associated 
with the use of PA catheters: (1) complications associated with 
central venous access (e.g., bleeding, infection, and pneumotho-
rax); (2) catheter-associated complications; and (3) misinterpre-
tation of the acquired data.

Although venous access complications strictly related to PA 
catheter placement are not any different from those associated 
with any procedure that involves percutaneous access of central 
veins, there are numerous other complications specific for PA 
catheter placement. One important category is related to the 
potential to induce either or both atrial and ventricular arrhyth-
mias or heart block as the PA catheter is advanced through the 
right-sided cardiac chambers. These rhythm disturbances are 
usually self-limited and rarely require treatment other than 
changing the catheter’s position. As the PA catheter crosses the 
tricuspid valve, it can cause trauma to the right bundle, leading 

LV, left ventricular; RV, right ventricular.
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table 10-1 Hemodynamic Findings in Specific Clinical Scenarios

Clinical Situation Catheterization Findings

Vasodilatory shock Elevated CO, decreased SVR, decreased PCWP
Cardiogenic shock Decreased CO, increased SVR, increased PCWP
Mitral stenosis Increased LA pressure (PCWP) with a gradient between the LA (PCWP) and the LV (LVEDP) that 

persists throughout diastole, increased right heart pressures at rest and/or with exercise, 
prominent a wave on RA tracing, decreased slope of y descent

Mitral regurgitation Acute MR: elevated PCWP, elevated PA pressure, prominent V wave, hyperdynamic LV function; 
hemodynamics can mimic constrictive pericarditis, may have hypotension/shock

Chronic, compensated MR: normal to mildly elevated right heart pressures, V wave less 
prominent, normal EF

Chronic, decompensated MR: elevated PCWP, elevated PA pressure, elevated right heart pressures, 
decreased EF

Restrictive cardiomyopathy PA systolic pressure may be >50 mm Hg, RV/LV systolic pressure concordant, RVEDP/LVEDP 
separation >5 mm Hg, RVEDP/RV systolic pressure < 1

3, dip and plateau in RV pressure, 
Kussmaul’s sign absent

Constrictive pericarditis Elevated RA pressure, elevated PCWP, PA systolic pressure usually <50 mm Hg, RV/LV systolic 
pressure discordant, RVEDP/LVEDP separation <5 mm Hg, RVEDP/RV systolic pressure > 1

3, dip 
and plateau in RV pressure, Kussmaul’s sign present

Cardiac tamponade Elevated diastolic pressures and equalization of end-diastolic pressures, x descent preserved or 
prominent and y descent small or absent on RA pressure tracing, no dip and plateau on RV 
pressure tracing, pulsus paradoxus

Dilated cardiomyopathy Right and left heart filling pressures typically elevated, decreased CO and index, decreased mixed 
venous oxygen saturation, pulsus alternans (beat-to-beat variation in systolic pressure)

Hypertrophic obstructive 
cardiomyopathy

Spike and dome arterial pulse, systolic intraventricular pressure gradient, elevated LVEDP, 
Brockenbrough’s sign (aortic pulse pressure does not increase after PVC)

Aortic stenosis Pressure gradient between the LV and aorta, elevated LVEDP, elevated PCWP, elevated PA 
pressures as resultant heart failure progresses, LV/aortic gradient decreases with reduction in 
preload, and pulse pressure increases after a PVC (negative Brockenbrough’s sign), Carabello’s 
sign (a rise in peak aortic systolic pressure by >5 mm Hg when a catheter is removed from the 
LV) in severe aortic stenosis

Aortic insufficiency Wide pulse pressure, low diastolic pressure, elevated LVEDP; in severe aortic insufficiency, the LV 
and aortic pressures will be equal at the end of diastole and there will be premature closure of 
the mitral valve during diastole.

CO, cardiac output; EF, ejection fraction; LA, left atrium (atrial); LV, left ventricle (ventricular); LVEDP, left ventricular end-diastolic 
pressure; MR, mitral regurgitation; PA, pulmonary artery (arterial); PCWP, pulmonary capillary wedge pressure; PVC, premature 
ventricular contraction; RA, right atrium (atrial); RV, right ventricle (ventricular); RVEDP, right ventricular end-diastolic pressure;  
SVR, systemic vascular resistance.

SVR MAP CVP CO= −( ) ×( )80

where MAP is mean arterial pressure, CVP is central venous 
pressure, CO is cardiac output, and 80 is a correction factor to 
convert units for SVR to dynes/s/cm5. The PVR can be calcu-
lated in a manner similar to the SVR substituting (mean PA 
pressure – PCWP) in place of (MAP – CVP) in the above equa-
tion. The PVR is sometimes reported in Wood units as opposed 
to dynes/s/cm5. In this case, one uses the same equation without 
the conversion factor of 80.

LeFt HeaRt CatHeteRization

Left heart catheterization is performed by advancing a catheter 
across the aortic valve into the LV. Left heart catheterization 
allows for measurement of the LV systolic and diastolic pres-
sures and LV end-diastolic pressure. If left and right heart 
catheterization are done simultaneously, this can provide hemo-
dynamic data useful in various disorders, including valvular dis-
eases, cardiomyopathy (dilated, restrictive, or hypertrophic), 
and constrictive pericarditis (see Table 10-1).

Left ventriculography, performed by injection of contrast 
medium, provides valuable information including ejection frac-
tion (Fig. 10-1), examination of all walls of the LV to ascertain 
whether wall motion is normal throughout, measurement of the 
presence and severity of mitral valve regurgitation (Fig. 10-2A), 
and determination of whether interventricular connections (e.g., 
ventricular septal defect; Fig. 10-2B) exist. By convention, mitral 
valve regurgitation is quantified by observing the degree of 
opacification of the LA relative to the LV. Mitral regurgitation 
is graded as follows:

• 1+: Contrast does not opacify the entire LA and clears with 
every heartbeat.

• 2+: The entire LA is faintly opacified to a degree less than 
that of the LV after several beats, and it is not cleared by 
a single beat.

• 3+: The LA is completely opacified, and the degree of 
opacification equals that of the LV.

• 4+: The LA is completely opacified in a single beat, and 
the opacification increases with each beat. In addition, in 
4+ mitral regurgitation, contrast can be seen filling the 
pulmonary veins.



82 SECTION I • Introduction

Figure 10-1 Measurement of left ventricular function using ventriculography. LAO, left anterior oblique; RAO, right anterior oblique.
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Figure 10-2 (a) Contrast injection into the left ventricle in a patient with severe mitral regurgitation (right anterior oblique 
projection; note opacification of the left atrium and pulmonary veins). (B) Contrast injection into the left ventricle in 
a patient with a ventricular septal defect (left anterior oblique projection; note that the right ventricle is opacified). 
LAO, left anterior oblique; RAO, right anterior oblique.
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Left heart catheterization is also useful in determining 
whether a LV outflow tract pressure gradient is present and the 
etiology of this gradient. A difference in pressure between the 
LV apex and the aorta can be caused by a fixed obstruction at 
the subvalvular, valvular, or supravalvular level or because of 
dynamic obstruction of the aortic outflow tract in patients with 
features of hypertrophic obstructive cardiomyopathy (Fig. 
10-3). A pressure gradient can be measured by several methods, 
including (a) a “pullback” across the aortic valve in which a 
catheter is slowly retracted from the LV into the aorta, (b) 
simultaneous LV and femoral arterial pressure (used as a sur-
rogate for aortic pressure), and (c) use of a dual-lumen catheter 
with one lumen in the ventricle and the other recording the 
pressure measured from the aorta. In all of these techniques, the 
location of the obstruction can be estimated by slowly retracting 
an end-hole catheter from the LV apex and noting where the 
pressure decreases. Dynamic LV outflow tract obstruction—as 
can occur in the setting of massive septal hypertrophy with or 
without systolic anterior motion of the mitral valve—can be 
provoked using various maneuvers that decrease either preload 
and/or afterload (e.g., Valsalva maneuver or administration of 

amyl nitrate), or that increase contractility (e.g., isoproterenol 
infusion or inducing a premature ventricular contraction).

FutuRe diReCtionS

Right and left heart catheterizations have been used in the 
diagnosis of heart disease for more than 50 years. Over this time 
period the techniques and equipment have advanced to the 
point where it is a safe and effective procedure that is commonly 
used in cardiac catheterization laboratories around the world. 
Current research efforts are focused on obtaining a better 
understanding of the natural history of hemodynamic changes 
within the heart in patients with congenital, valvular, and car-
diomyopathic conditions and in developing devices to treat 
structural heart disease. Examples of devices under development 
or in clinical use include percutaneous valves (aortic, mitral, and 
pulmonic), septal defect occluders (for atrial septal defects, 
patent foramen ovale, and ventricular septal defects), atrial 
appendage occluders (to reduce the risk of thromboembolism 
in patients with atrial fibrillation), and advanced intracardiac 
imaging devices (e.g., intracardiac echocardiography).
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Figure 10-3 Simultaneous pressure tracings from the left 
ventricular apex and aorta in aortic stenosis  
(a) and hypertrophic obstructive cardiomyopathy 
(B). In this patient with aortic stenosis, there is an 
approximate 40 mm Hg pressure change across 
the aortic valve. In the patient with hypertrophic 
obstructive cardiomyopathy, there is minimal 
pressure difference under basal conditions but left 
ventricular pressure exceeds aortic pressure by 
>100 mm Hg after a premature ventricular 
contraction.
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Identifying the Patient at High Risk  
for Acute Coronary Syndrome:  
Plaque Rupture and “Immediate Risk”

John Paul Vavalle and Marschall S. Runge

C oronary heart disease, the clinical manifestation of coro-
nary artery disease (CAD), is the number one killer of 

adults in the world and is estimated to retain this position over 
the next decade. In the United States alone, CAD is very preva-
lent. It has been estimated that as many as 100 million Ameri-
cans have CAD. Among these, many have coronary heart 
disease, and there are approximately 12 million new cardiac 
events in the United States per year in individuals with CAD. 
Although many of those who die of coronary heart disease had 
been previously evaluated and treated, more than one half of 
patients with sudden cardiac death had no known history of 
coronary heart disease. Identifying such an individual involves 
determining the risk that an individual will have a cardiac event 
in the ensuing days or weeks—that is, determining the “immedi-
ate risk” of a cardiac event. Development of approaches to 
assign immediate risk is an area of extensive research.

It is, however, a daunting challenge, because there are no 
ideal screening tests to reliably define this population. A large 
portion of these individuals have coronary artery stenoses of less 
than 50% in transluminal disease, making detection by stress 
testing difficult. Furthermore, no reliable diagnostic tests exist 
to ascertain the risk of plaque rupture at a given site in a given 
individual.

Generally, screening strategies for coronary heart disease 
seek to identify those at risk before symptoms develop and 
lessen the burden of ischemic heart disease. Unfortunately, 
identifying the appropriate population to screen is difficult,  
and screening the entire population of individuals with CAD 
would be neither useful nor cost-effective. Without question, as 
medical technology and understanding of coronary disease 
expands—and concurrently national attention focuses more and 
more on the cost efficiency of health care—decisions about 
whom and how to screen will only become more complex. With 
a more detailed understanding of the cellular and molecular 
components of atherosclerosis and acute coronary syndrome, 
there is hope that novel screening tools with improved accuracy 
and specificity will be developed. This chapter focuses on the 
state of the art in detection of individuals at high risk and the 
promise for the future.

EtIology And PAtHogEnESIS

The earliest evidence of CAD is present in many Americans 
during late adolescence, based on autopsy studies. Clinically 
detectable CAD develops over decades, often silently. Multiple 
risk factors contribute to the development of atherosclerosis: 

hypertension, diabetes mellitus, smoking, age, and hyperlipid-
emia (Fig. 11-1). Acute coronary syndromes occur following 
rupture of an atherosclerotic plaque and the development of a 
subocclusive or totally occlusive thrombus that may lead to 
unstable angina or acute myocardial infarction. Many triggers 
for plaque rupture have been proposed, ranging from hemody-
namic stress to the presence of a generalized inflammatory state 
to neurohormonal influences. However, the precise factors that 
lead to the rupture of specific plaques in a given individual have 
yet to be defined.

The principal problem with current methods of screening for 
CAD is that the majority of plaques that rupture and cause acute 
coronary syndrome are less than 70% in transluminal diameter 
and do not cause hemodynamically significant coronary obstruc-
tion until they rupture (Fig. 11-2). Thus, they are very difficult 
to detect with screening mechanisms that rely on reduced distal 
blood flow to cause changes detectable by the test (e.g., ischemic 
ECG changes, hypocontractility on echocardiogram, perfusion 
defects on nuclear scans). In fact, what many of these tests detect 
are narrowed, hemodynamically significant lesions that are 
stable and not prone to rupturing or causing acute coronary 
syndrome. Therefore, newer techniques to identify the vulner-
able plaque prone to rupture are the focus of much research.

ClInICAl PRESEntAtIon

Because only approximately 20% of acute coronary events are 
heralded by long-standing angina, the majority of patients are 
asymptomatic until their major cardiac event. In theory, identi-
fying the immediate risk of asymptomatic patients at highest risk 
for CAD might allow risk reduction before their event.

There are many reasons why screening for CAD has become 
common clinical practice, ranging from better education of the 
public about the dangers of CAD (resulting in more patient-
initiated requests for screening) to the possibility that a nonin-
vasive assessment will preclude a need for cardiac catheterization. 
In addition, physicians are eager to detect early coronary disease 
in their patients deemed to be at risk, so that they may intervene 
before the onset of symptoms or a major cardiac event  
(Fig. 11-3).

An important group of patients who present for CAD  
screening are those who wish to be “cleared” to begin  
an exercise program. This has become standard for  
many structured-exercise programs. However, little evidence 
supports this as common clinical practice. Additionally, for the  
reasons described, potentially dangerous but hemodynamically 
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Figure 11-2 Steps in the progression of a stable plaque (Time A) to an unstable/ruptured plaque (Time C) are shown.
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Figure 11-1 Risk factors in coronary heart disease. LDL-C, 
low-density lipoprotein cholesterol.

insignificant coronary artery lesions are not detected by stan-
dard stress or stress-imaging studies.

dIAgnoStIC APPRoACH

Clinical Epidemiology

The basic idea behind screening is that earlier detection may 
lead to earlier and more robust implementation of preventive 
strategies and better health outcomes. However, this is only true 
if applied to the appropriate populations that should be screened. 
This concept is essential to understand, because screening inap-
propriate populations may actually lead to harm with the inher-
ent risks of some tests and false-positive results.

It is important to understand Bayes’ theorem as it applies to 
medical screening tests. The post-test probability of CAD 
depends on the pre-test probability of disease and the sensitivity 
and specificity of the test being used. Testing at very low or very 
high pre-test probabilities may not actually change clinical deci-
sion making (see Chapter 1). In particular, for screening asymp-
tomatic patients for CAD, patients with a very low pre-test 
probability are more likely to have a false-positive test result 
than a true-positive test result, especially if the test’s specificity 
is poor.



CHAPTER 11 • Identifying the Patient at High Risk for Acute Coronary Syndrome: Plaque Rupture and “Immediate Risk” 87

Figure 11-3 Algorithm for differential diagnosis of acute coronary syndrome (ACS). CAD, coronary artery disease; IVUS, 
intravascular ultrasound; MPI, myocardial perfusion imaging; OCT, optical coherence tomography.
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There are many well-established risk factors for the develop-
ment of CAD: age, smoking, hyperlipidemia, hypertension, 
male sex, diabetes, obesity, and physical inactivity, among 
others. Epidemiologic studies have allowed researchers to 
develop risk prediction calculators that determine the risk of 
coronary heart disease events based on the presence of these risk 
factors. One of the more commonly used risk calculators is 
based on the Framingham population. It provides an estimate 
of the 10-year risk of a cardiac event (see “National Cholesterol 
Education Program. Risk Assessment Tool for Estimating 
10-Year Risk of Developing Hard CHD,” under “Additional 
Resources”).

Risk calculators such as the Framingham risk calculator can 
be used to group individuals into low-, medium-, or high-risk 
groups. Supplemental screening tests, as described below, may 
be used to further define future risk of CAD. While those in 
the high-risk group are most likely to have severe CAD, until it 
is possible to assess the potential for plaque rupture, screening 
these patients and uncovering CAD (see next section) while it 
is still asymptomatic may be of only limited benefit, since revas-
cularization in asymptomatic patients does not confer the overall 
benefit of revascularization in symptomatic patients.

Screening Tests

Screening tests for CAD are used for many reasons: to diagnose 
CAD sufficient to cause myocardial ischemia in individuals (and 
who would benefit from revascularization), to determine if an 
individual is at high risk for vigorous activities or high-risk 
surgical procedures, or to determine whether known CAD in a 
patient with or without symptoms has progressed to a point 
requiring revascularization. Unfortunately, for the reasons dis-
cussed below, most conventional screening tests are not 

particularly effective for predicting the risk of plaque rupture in 
an asymptomatic or low-risk patient.

ELECTROCARDIOgRAPHy—RESTINg ECg

The sensitivity of resting ECGs to detect CAD is low, yet 
resting-ECG abnormalities such as Q waves, ST-segment 
depression, bundle branch blocks, and left ventricular hypertro-
phy are indeed associated with worse outcomes. However, many 
people with normal coronary arteries have ECG changes, and 
a significant number of patients with CAD have normal ECGs. 
Furthermore, in patients who have a cardiac event who had an 
ECG in the year before that event, in the majority of instances 
the baseline resting ECG was normal.

ExERCISE TESTINg—ExERCISE ECg

Exercise-ECG testing has been widely adopted for screening for 
CAD in asymptomatic adults. Adding exercise to ECG monitor-
ing increases the sensitivity of the test by unmasking ischemia 
not detectable at rest. A positive test is reflected by at least 1 mm 
of flat or down-sloping ST depression. Exercise-ECG testing 
can only be performed in those who can exercise and do not 
have underlying ECG abnormalities at rest that would prevent 
interpretation (left bundle branch block, ST depression at rest, 
or a paced ventricular rhythm) (Fig. 11-4).

The Duke Treadmill Score is the most widely used validated 
treadmill score. Assessment of exercise time, millimeters of ST 
depression, and the presence or absence of angina provides a 
quantitative score that can be used to stratify patients into low-, 
moderate-, or high-risk groups. Importantly, in the develop-
ment of the Duke Treadmill Score, asymptomatic patients were 
excluded. Thus, it is not appropriate to apply a Duke Treadmill 
Score to screening in asymptomatic patients.

Unfortunately, the sensitivity of exercise treadmill testing for 
the prediction of coronary heart disease events over the ensuing 
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Figure 11-4 The degrees of flow-limiting atherosclerosis and plaque rupture. ECg, electrocardiogram; LDL, low-density lipoprotein 
cholesterol.
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years is moderate. The ability of this test to detect severe CAD 
in middle-aged asymptomatic men is low. The majority of 
asymptomatic patients with an abnormal exercise stress test do 
not go on to have coronary heart disease events, and it is argu-
able whether there is a benefit to low- to medium-risk asymp-
tomatic patients who undergo exercise stress testing. In studies 
of asymptomatic patients without risk factors, a positive result 
on exercise tolerance testing provided little additional predictive 
value. In contrast, the predictive value of exercise testing 

increases when the test is applied to those at higher risk who 
have a higher pre-test probability for disease.

Authors of a systematic review of the evidence for exercise 
tolerance testing to screen for CAD, performed for the U.S. 
Preventative Services Task Force, concluded that testing  
asymptomatic persons rarely detects previously unrecognized, 
clinically important coronary artery obstruction but does 
provide some additional prognostic information beyond that 
provided by traditional risk factors. However, the effect of this 
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additional information on preventive or therapeutic strategies 
has not been studied.

As with other screening approaches, a major limitation of 
exercise stress testing is that ST-segment depression detects 
ischemia from obstructed coronary arteries while the majority 
of acute coronary events occur from the rupture and sudden 
occlusion of a previously nonobstructive plaque.

STRESS ECHOCARDIOgRAPHy

Echocardiographic imaging can be added to stress-ECG testing 
to improve both sensitivity and specificity. In this test, two-
dimensional echocardiography is used to visualize regional wall 
motion abnormalities of hypocontractility that suggest isch-
emia. In addition to exercise stress, for individuals who cannot 
exercise, a pharmacologic stress agent such as dobutamine can 
be used as a means to increase heart rate and contractility. In 
patients who can exercise, however, a treadmill or bicycle exer-
cise stress test is preferred over chemical stress.

An advantage of adding echocardiography is that it provides 
information on left ventricular and valvular function. The 
advantages over nuclear imaging include lower cost, avoidance 
of radiation exposure, and ease of testing. There are limited data 
on the use of this test to screen for CAD in the asymptomatic 
population.

NUCLEAR IMAgINg

Radionuclide myocardial perfusion imaging, like stress echocar-
diography, also demonstrates better sensitivity and specificity 
than exercise-ECG for the detection of CAD. This test uses a 
radiolabeled tracer that is taken up preferentially by viable, 
nonischemic myocardium. Quantitative and qualitative mea-
surements of uptake help to identify regions of ischemia and 
infarction that suggest underlying coronary disease. For patients 
with a low pre-test probability for disease and a normal resting 
ECG, and who are able to exercise, nuclear stress testing is not 
recommended as the first test. The expense, radiation exposure, 
and complexity of performing the study make it a less attractive 
option as an initial screening test in low-risk patients. Excep-
tions include individuals with questionable exercise capacity, 
with abnormal resting ECGs, or who have had equivocal prior 
stress-ECG testing.

ELECTRON BEAM COMPUTED TOMOgRAPHy

Electron beam computed tomography (ECBT) has gained pop-
ularity as a noninvasive screen for CAD risk. EBCT can be used 
to quantify coronary artery calcification and perform coronary 
angiography. Numerous studies have demonstrated both posi-
tive (with a high calcium score) and negative (with very low 
calcium scores) correlations with the risk of major adverse 
cardiac events. Calcium deposition in the walls of coronary 
arteries occurs early in the process of atherogenesis, and the 
overall degree of calcification correlates well with the amount 
of atherosclerosis in an individual as well as the likelihood of 
underlying ischemia. Individuals with very low calcium scores, 
especially if asymptomatic, have a very low likelihood of coro-
nary stenosis and a very low risk of major adverse cardiac events. 

Much of the appeal of EBCT relates to the ease of performing 
this test, its ready availability, and the prognostic value of the 
test. Radiation exposure, cost concerns, and the imprecision of 
its predictive value have all kept it from being widely adapted 
for screening the general public.

CORONARy ANgIOgRAPHy

Although coronary angiography is the gold standard for detect-
ing and quantifying obstructive CAD (as defined by greater than 
50% transluminal narrowing on arteriography), even coronary 
angiography does not differentiate between vulnerable and 
stable plaques. Coronary angiography is not recommended as a 
screening test in asymptomatic patients, since it is invasive, 
expensive, and inherently risky. Moreover, because stenotic 
plaques are not necessarily at highest risk for rupture and pro-
duction of an acute coronary syndrome, the goal of coronary 
angiography in stable patients is to determine whether revascu-
larization should be performed to reduce symptoms of myocar-
dial ischemia. Rapid advances in noninvasive imaging approaches 
for quantifying coronary artery lesions include CT and mag-
netic resonance angiography. It is anticipated that in coming 
years, with technologic improvements, CT and magnetic reso-
nance angiography may provide images similar to those obtained 
using invasive coronary angiography.

MAnAgEMEnt And tHERAPy

Widespread screening for CAD in low-risk, asymptomatic 
patients is not recommended based on the evidence and tech-
nology available today. Individuals with diabetes or multiple risk 
factors should not be considered low-risk and may merit screen-
ing for CAD, and some individuals in “high-risk” occupations 
(professional airline pilots, bus drivers, etc.) merit regular 
screening for CAD. The American College of Cardiology 
(ACC), American Heart Association (AHA), and United States 
Preventive Service Task Force (USPSTF) have published 
updated guidelines of the best available evidence combined with 
expert opinion regarding the appropriate use of cardiovascular 
screening tests.

Optimum Treatment

The ACC and AHA have released guidelines on the use of 
exercise testing in asymptomatic patients without known CAD 
in the ACC/AHA 2002 Guideline Update for Exercise Testing, 
which use four classes of recommendations (I, IIa, IIb, III). They 
found no class I recommendations for the use of exercise testing 
in this population and recommended against routine use of 
exercise testing to screen for CAD in asymptomatic men and 
women (Table 11-1). However, they did give a class II recom-
mendation for using exercise stress testing to evaluate asymp-
tomatic patients with diabetes who plan to start a vigorous 
exercise program and patients with multiple risk factors as a 
guide to risk reduction therapy. The ACC/AHA guidelines are 
summarized in Table 11-2.

The USPSTF has also released guidelines for screening 
using resting ECG, exercise treadmill testing (ETT), or EBCT 
(Table 11-3). For asymptomatic adults at low risk for coronary 
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table 11-1 Exercise Testing in Asymptomatic 
Persons without known CAD

Class description

I None
IIa Evaluation of asymptomatic persons with diabetes 

mellitus who plan to start vigorous exercise
IIb Evaluation of persons with multiple risk factors as a 

guide to risk reduction therapy
IIb Evaluation of asymptomatic men older than 45 

years and women older than 55 years
• Who plan to start vigorous exercise
• Who are involved in occupations in which 

impairment might impact public safety
• Who are at high risk for CAD due to other 

diseases (peripheral vascular disease, chronic 
renal failure)

III Routine screening of asymptomatic men or women

Adapted from ACC/AHA 2002 Guideline Update for Exercise Testing. 
Available at: http://www.acc.org/qualityandscience/clinical/
guidelines/exercise/dirindex.htm. Accessed 04.09.08.

table 11-2 ACC/AHA Classifications of Practice 
guidelines

Class description

I Conditions for which there is evidence and/or 
general agreement that a given procedure or 
treatment is useful and effective

II Conditions for which there is conflicting evidence 
and/or a divergence of opinion about the 
usefulness/efficacy of a procedure or treatment

• IIa: Weight of evidence/opinion is in favor of 
usefulness/efficacy.

• IIb: Usefulness/efficacy is less well established 
by evidence/opinion.

III Conditions for which there is evidence and/or 
general agreement that the procedure/treatment 
is not useful/effective and in some cases may be 
harmful

Adapted from American College of Cardiology/American Heart 
Association (ACC/AHA) 2002 Guideline Update for Exercise Testing. 
Available at: http://www.acc.org/qualityandscience/clinical/
guidelines/exercise/dirindex.htm. Accessed 04.09.08.

table 11-3 USPSTF Recommendations on Screening 
for Coronary Heart Disease

Class Recommendation

D The USPSTF recommends against routine screening 
with resting ECg, ETT, or EBCT scanning for 
coronary calcium for either the presence of 
severe CAS or the prediction of CHD events in 
adults at low risk for CHD events.

I The USPSTF found insufficient evidence to 
recommend for or against routine screening with 
ECg, ETT, or EBCT scanning for coronary calcium 
for either the presence of severe CAS or the 
prediction of CHD events in adults at increased 
risk for CHD events.

Adapted from U.S. Preventive Services Task Force (USPSTF) 
Screening for CAD. Available at: http://www.ahrq.gov/clinic/uspstf/
uspsacad.htm. Accessed 04.09.08.

table 11-4 USPSTF Recommendations and Ratings

Class description

A The USPSTF strongly recommends that clinicians 
provide the service to eligible patients.

B The USPSTF recommends that clinicians provide the 
service to eligible patients.

C The USPSTF makes no recommendation for or 
against routine provision of the service.

D The USPSTF recommends against routinely providing 
the service to asymptomatic patients.

I The USPSTF concludes that the evidence is 
insufficient to recommend for or against routinely 
providing the service.

Adapted from U.S. Preventive Services Task Force (USPSTF) 
Screening for CAD. Available at: http://www.ahrq.gov/clinic/uspstf/
uspsacad.htm. Accessed 04.09.08.

CAD, coronary artery disease.

CAS, coronary artery stenosis; CHD, coronary heart disease;  
EBCT, electron beam CT; ECg, electrocardiogram; ETT, exercise 
treadmill test.

heart disease, they recommend against routine screening with 
resting ECG, ETT, or EBCT. For patients at increased risk for 
coronary heart disease events, the USPSTF found insufficient 
evidence to recommend for or against routine screening with 
ECG, ETT, or EBCT for either the presence of severe coro-
nary artery stenosis or the prediction of coronary heart disease 
events (Table 11-3). Table 11-4 summarizes the categories of 
recommendation used by the USPSTF.

Avoiding Treatment Errors

One of the most important considerations in screening for car-
diovascular diseases is selection of the appropriate test for an 

individual patient. There are no absolutes in defining the most 
appropriate population. It is important not to miss an opportu-
nity to identify asymptomatic patients at risk of myocardial 
infarction in the near term, but it is also important to avoid 
using a low-specificity test in truly low-risk patients. Thus, the 
clinician should remember that the pre-test probability of 
disease is the most important factor in determining the post-test 
probability of disease to help avoid inappropriate screening of 
low-risk patients.

From the available evidence and recommendations, it is  
clear that generalized screening for very low-risk asymptomatic 
patients is not recommended. Screening these individuals is just 
as likely, or even more likely, to result in a false-positive finding 
than a true-positive one. This could lead to unnecessary anxiety, 
false labeling of disease, and inappropriate use of expensive and 
invasive tests and procedures. Exceptions include individuals in 
“high-risk occupations” (such as professional pilots or drivers) 

http://www.acc.org/qualityandscience/clinical/guidelines/exercise/dirindex.htm
http://www.acc.org/qualityandscience/clinical/guidelines/exercise/dirindex.htm
http://www.acc.org/qualityandscience/clinical/guidelines/exercise/dirindex.htm
http://www.acc.org/qualityandscience/clinical/guidelines/exercise/dirindex.htm
http://www.ahrq.gov/clinic/uspstf/uspsacad.htm
http://www.ahrq.gov/clinic/uspstf/uspsacad.htm
http://www.ahrq.gov/clinic/uspstf/uspsacad.htm
http://www.ahrq.gov/clinic/uspstf/uspsacad.htm
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and individuals for whom a detailed history and physical exami-
nation reveals subtle but real concerns of underlying coronary 
heart disease.

FutuRE dIRECtIonS

The current risk prediction models, such as the Framingham 
Risk Score, were developed from large epidemiologic popula-
tion studies. These models work well to determine risk  
when applied to populations. Unfortunately, the clinician  
does not have the tools necessary to determine the risk of  
an imminent major coronary event—immediate risk—in indi-
vidual patients today. The primary problem arises from the 
inability to detect inflamed, vulnerable plaque that is prone  
to rupture (Fig. 11-5). Because at least half of myocardial 
infarctions and acute coronary syndromes occur as a result of 
rupture of small, non–flow-limiting plaque, even coronary angi-
ography cannot reliably determine the near-term risk of a coro-
nary event. However, this topic is the focus of intensive 
investigation. There is much promise in molecular imaging, 
intracoronary imaging, genetic and metabolomic screening, as 
well as the identification of novel biomarkers that determine 
increased risk.

Molecular Imaging

Current coronary imaging modalities provide, at best, an  
anatomic view of plaque morphology. The goal of molecular 
imaging is to identify specific cellular and molecular targets that 
are an integral component of plaque rupture and to determine 
whether one or more of these targets are present in potentially 
unstable coronary artery lesions. Molecular imaging combines 
conventional imaging modalities (CT, MRI, PET) with molecu-
lar tags for specific components in plaque and allows imaging 
in vivo.

Many potential targets have been identified. One promising 
approach is to image subendothelial macrophages within the 
atherosclerotic plaque. Autopsy studies have demonstrated a 
disproportionate prominence of macrophages within the culprit 

Figure 11-5 Plaque inflammation and rupture. LDL-C, low-density lipoprotein cholesterol.
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lesions responsible for sudden cardiac death. The macrophage 
is the key cellular mediator in plaque inflammation and has 
important roles in atherogenesis development and its complica-
tions. Other potential targets include cell surface markers of 
apoptosis, protease enzymes, oxidized low-density lipoproteins, 
and other inflammatory mediators and cellular markers of 
angiogenesis—all of which are upregulated in unstable plaques 
(Fig. 11-6).

Molecular imaging seems to be on the brink of transforming 
our ability to identify vulnerable plaque. A better understanding 
of atherosclerosis biology, advances in imaging-agent chemistry 
such as in nanoparticle and micelle technology, as well as refine-
ments in our imaging platforms such as single-photon emission 
CT and cardiac MRI, provide hope that molecular imaging  
for the near-term risk assessment of a cardiac event will be 
feasible in the coming years.

Genetic Screening

The recent decoding of the entire human genome and subse-
quent advances in proteomics and metabolomics have made 
possible the understanding of coronary heart disease at a new 
level. The promise of being able to identify with a simple blood 
test genetic factors responsible for CAD has led to much enthu-
siasm. Several single-nucleotide polymorphisms that confer 
increased risk of cardiovascular disease have already been identi-
fied. Presently, many gene-based screening tests are available 
and provide information that is most useful in familial cohorts 
and offer additional information akin to traditional cardiac  
risk factors.

Genome-wide association studies have identified previously 
unrecognized regions of the human genome that correlate with 
cardiac risk. These studies involve detailed comparisons of the 
genomes of individuals with and without cardiovascular disease. 
Statistically powerful correlates of coronary disease have been 
identified, although the odds ratios conferred are often small, 
on the order of a twofold increase in risk. The most important 
value of genome-wide association studies may be identification 
of novel regions of the human genome that will advance 
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Figure 11-6 Atherogenesis: Fatty streak formation. LDL-C, low-density lipoprotein cholesterol.
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understanding of the biology of atherosclerosis and coronary 
heart disease.

Biomarkers

For many years researchers have been searching for systemic 
biomarkers of inflammation that indicate increased risk. Many 
biomarkers have been identified and proposed as carrying an 
associated increased risk of CAD. Some have entered into clini-
cal practice, such as C-reactive protein and homocysteine. 
Extensive biomarker panels are available for use. Unfortunately, 

as is the case for single-nucleotide polymorphism analysis or 
genome-wide association studies, while biomarker studies can 
help identify populations at risk, no biomarkers have been 
shown to advance our ability to identify individuals with vulner-
able plaques.

Intravascular Ultrasound

Intravascular ultrasound (IVUS) is an imaging modality gaining 
wide acceptance as a tool to help understand plaque morphology 
and biology. IVUS is performed using a catheter with an 
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Figure 11-7 Intravascular ultrasonogram of coronary 
atherosclerosis.
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ultrasound probe attached to its distal end (Fig. 11-7; see 
Chapter 15). Unlike angiography, which can only give a cross-
sectional silhouette of the lumen, IVUS allows direct visualiza-
tion of the endothelium and subendothelial space. With IVUS 
it is possible to visualize atherosclerotic lesions directly, to quan-
tify the composition of lesions, and, potentially, to detect evi-
dence of plaque instability. The plaques found to have a thin 
fibrous cap protecting the lipid core of the lesion are thought 
to be most vulnerable to rupture. Recent studies have supported 
the idea of a correlation between plaque structure and the risk 
of rupture.

Optimal coherence tomography (OCT) is another form of 
intravascular imaging that uses ultrasound-like technology to 
provide high-resolution images of atherosclerosis. It is currently 
under investigation but holds promise for being able to detect 
small and vulnerable plaques.

IVUS and OCT are invasive and expensive, and will never 
be ideal screening tools in the asymptomatic population given 
the inherent risks. However, IVUS is being used in patients 
already undergoing invasive coronary angiography to identify 
the high-risk plaque that is often not visible with conventional 
angiography. IVUS and OCT will be tools that help develop 
our understanding of plaque vulnerability.

The novel technologic advances described above will likely 
lead to advances in our understanding of unstable coronary 
syndromes and further efforts to develop useful tools for assess-
ing coronary risk.
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Chronic Coronary Artery Disease
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A dvances in pharmacotherapy and revascularization strate-
gies have dramatically improved the short- and long-term 

outcomes for patients with atherosclerotic coronary artery 
disease (CAD). At the same time, the worldwide incidence of 
atherosclerosis and CAD—driven in large part by the exponen-
tial increases in obesity and type 2 diabetes mellitus—have also 
increased dramatically. These issues, the result of which is a  
very large population with atherosclerotic CAD, will be a major 
public health issue in both industrialized and developing nations 
for the foreseeable future.

Patients with atherosclerotic CAD can present to health care 
providers in many different ways. This chapter focuses on 
chronic stable angina. Other clinical presentations of athero-
sclerotic CAD (acute coronary syndromes, congestive heart 
failure, sudden cardiac death, and cardiogenic shock) are 
described in separate chapters (13, 14, 17, 23, and 30).

ETIOLOGY AND PATHOGENESIS

In contrast to oxygen extraction by skeletal muscle, oxygen 
extraction by cardiac tissue is near maximal, even at rest (Fig. 
12-1). The heart responds to the need for increased cardiac 
output by increasing heart rate and contractility, both of which 
increase wall stress and myocardial oxygen requirements. This 
need for increased myocardial oxygen cannot be met by increas-
ing the efficiency of oxygen extraction and thus must be met by 
increasing coronary blood flow. If a significant underlying coro-
nary epicardial stenosis is present, blood flow at rest is main-
tained by compensatory dilatation of the coronary bed beyond 
the stenosis. This diminishes coronary flow reserve and may 
result in an inability to meet oxygen requirements as myocardial 
demand increases, creating a supply/demand mismatch. Symp-
toms of angina reflect myocardial ischemia and arise when the 
blood supply to a region of the heart cannot increase sufficiently 
to match myocardial oxygen demand as a result of the presence 
of a hemodynamically significant stenosis in the coronary artery 
supplying that region. Ischemia can be elicited by treadmill  
or bicycle exercise testing (or use of pharmacologic stress) and 
may be measured as loss of systolic thickening on echocardiog-
raphy, diminished perfusion on single-photon emission CT, 
ST-segment depression on surface ECG, and angina.

Increased vasoreactivity (vasospasm on a previously narrowed 
arterial segment) may also result in decreased myocardial blood 
flow with or without increased demand. Vasoreactivity seems to 
be responsible for some of the circadian, seasonal, and emo-
tional components associated with angina. Although it is thought 
that fixed coronary artery stenoses are the dominant contributor 
to stable angina, in some individuals there are clearly contribu-
tions from increased coronary vasoreactivity (both at sites  
of stenoses and elsewhere). The other major biologic mecha-
nism that results in myocardial ischemia is rupture of an athero-
sclerotic plaque in a coronary artery, resulting in sudden 

diminished blood flow and acute coronary syndromes, as dis-
cussed in Chapters 13 and 14.

CLINICAL PRESENTATION

Chronic stable angina is characterized by angina that usually 
occurs with increased oxygen demand. Symptoms can be pro-
voked by exertion, heavy meals, or emotional distress; they also 
tend to be reproducible and usually have been present over 
many months, or longer. As noted above, these symptoms most 
commonly result from fixed coronary stenoses (Fig. 12-2). Chest 
discomfort is typically described as a pressure or tightness, or 
discomfort over the left precordium, although many individuals 
with myocardial ischemia do not have these classic symptoms. 
The discomfort may radiate along the ulnar aspect of the left 
arm and is often accompanied by shortness of breath, nausea, 
and diaphoresis (Fig. 12-3). Symptoms may also radiate or be 
isolated to the throat, jaw, interscapular region, and epigas-
trium. Radiation below the umbilicus and to the occiput is 
uncharacteristic, as are symptoms that are well localized to a 
fingertip, provoked by palpation and movement, or relieved by 
lying down. Typically, stable anginal pain lasts for more than a 
few minutes and less than 10 minutes, is associated with exertion 
or other stresses, and is relieved by rest or the use of sublingual 
nitroglycerin within 1 to 2 minutes. Angina can sometimes be 
mistaken as indigestion, accounting for a delay in presentation 
or treatment. It is very important to understand that atypical 
presentations of angina can occur in any patient but are particu-
larly common in diabetics, women, and the elderly. In these 
individuals, it is very important to evaluate further any exertion-
related symptoms that may reflect an inability to increased  
myocardial oxygen delivery, including significant dyspnea on 
exertion, new or worsened fatigue with exertion, or similar 
symptoms.

DIFFERENTIAL DIAGNOSIS

The quality of chest pain is similar in the setting of acute 
unstable angina or acute myocardial infarction (MI). It is usually 
more intense and prolonged, but the difference may be subjec-
tive. An important difference is that the pain associated with 
acute MI is usually unremitting, although it may wax and wane 
in severity. Angina, or any symptoms reflecting a limitation of 
myocardial oxygen demand, may also reflect non–coronary 
artery etiologies, including severe aortic valve stenosis, hyper-
trophic cardiomyopathy, and microvascular dysfunction. Other 
cardiovascular causes of chest pain include pericarditis, aortic 
dissection, and pulmonary embolism. These may be very diffi-
cult to distinguish from angina based on the history and physical 
examination and often require further diagnostic evaluation. 
Clinicians should also attempt to distinguish angina from chest 
pain arising from a noncardiac etiology. The most common 



98 SECTION II • Coronary Heart Disease

Figure 12-1 Oxygen utilization in skeletal and cardiac muscles.
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noncardiac causes of angina-like pain are gastrointestinal condi-
tions such as gastroesophageal reflux disease, esophageal spasm, 
peptic ulcer disease, biliary disease, and pancreatitis. Of these, 
gastroesophageal reflux disease is very common as a cause of 
angina-type chest pain. Pleuritis or chest pain related to other 
lung pathology is also common and should be considered. Cer-
vical disk disease, costochondral syndromes, and shingles may 
also mimic angina. Chest discomfort is also a common manifes-
tation in patients with panic disorder; however, this is a diagno-
sis of exclusion.

Because the mortality and morbidity associated with CAD is 
higher than many noncardiac causes of angina-like symptoms, 
it is important to be thorough and thoughtful before dismissing 
CAD as the underlying cause of an individual’s symptoms.

DIAGNOSTIC APPROACH

A history suggestive of angina mandates diagnostic and prog-
nostic evaluations. The urgency of treatment is guided by the 
initial presentation and clinical evaluation. A history of new-
onset angina, accelerating angina, angina at a low exertional 
threshold, and rest angina most often means that the patient  
is having an acute coronary syndrome and needs immediate 
evaluation and therapy. In an individual who has previously had 
stable angina who presents with a picture of acute coronary 
syndrome, if there is no evidence for myocardial ischemia, it is 
important to include consideration of whether a noncardiac 
cause of increased oxygen demand (such as anemia, hyperthy-
roidism, severe emotional stress, or like causes) has contributed 
to the worsening angina in that patient. Physical examination 
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Figure 12-2 Types and degrees of coronary atherosclerotic 
narrowing or occlusion.

Moderate atherosclerotic narrowing of lumen

Almost complete occlusion by intimal
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Figure 12-3 Pain of myocardial ischemia.
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neck, jaw, teeth, back,
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during a routine consultation is unlikely to be rewarding, but 
the clinician should look for clinical evidence of left ventricular 
(LV) dysfunction (resting tachycardia, laterally displaced apical 
impulse, an LV S3, rales, jugular venous distention, positive 
hepatojugular reflex, pedal edema). In addition to evaluating the 
status of traditional cardiac risk factors (hypertension, smoking 
status, hyperlipidemia, diabetes), it is also important to inquire 
about a history of claudication, stroke, and transient ischemic 
attack and carefully screen for manifestations of atherosclerotic 
disease (audible bruits, asymmetric pulses, palpable aneurysms, 
ankle-brachial index). The presence of atherosclerosis in any of 

these areas heightens the likelihood of underlying CAD. The 
examiner should also look for physical and biochemical signs of 
the metabolic syndrome (Box 12-1), as well as stigmata of hered-
itary hyperlipidemic conditions (Fig. 12-4).

The next steps in the diagnostic approach should be based 
on the pre-test likelihood of disease. The interplay of traditional 
risk factors and genetic traits impacts the development of  
atherosclerosis (Fig. 12-5). Patients with typical angina, multiple 
risk factors, and/or impaired LV function with a high likelihood 
of disease should be considered for diagnostic coronary angiog-
raphy. The few patients with a low pre-test likelihood of disease 
should be reassured, without further additional testing. In these 
individuals it is very important to emphasize risk reduction with 
smoking cessation and lifestyle modification.

Rather than falling into the very-high-risk or very-low-risk 
categories, most patients have an intermediate likelihood of 
epicardial CAD. In these individuals, stress testing is very useful 

Box 12-1 Signs of the Metabolic Syndrome

• Abdominal obesity
Men greater than 102 cm (>40 in)
Women greater than 88 cm (>34.5 in)

• Blood pressure higher than 130/85 mm Hg
• Fasting glucose greater than 110 mg/dL
• HDL-C

Men less than 40 mg/dL
Women less than 50 mg/dL

• Triglycerides greater than 150 mg/dL

HDL-C, high-density lipoprotein cholesterol.
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Figure 12-4 Hypercholesterolemic xanthomatosis.

for further risk stratification (Fig. 12-6). Patients with a normal 
resting ECG may be referred for standard exercise treadmill 
testing. As discussed elsewhere (Chapters 3 and 7), however, the 
diagnostic accuracy of exercise stress testing is limited. For this 
reason, evaluation with concomitant nuclear perfusion/stress–
echocardiographic imaging studies is often preferred. In addi-
tion to the higher predictive value of stress-imaging studies 
compared with exercise electrocardiography, these tests also 
provide incremental physiologic (degree/extent of ischemia,  
LV function) and prognostic data. In individuals with preexcita-
tion, paced rhythms, left bundle branch block, or baseline ST- 
segment abnormalities or who are taking medications (such as 
digoxin) that may confound stress-ECG interpretation, stress 
imaging is required. It should be noted that the inability to 
perform adequate exercise by itself is a major indicator of 
adverse prognosis. This subset of patients may be referred for 
pharmacologic stress testing with use of dipyridamole, adeno-
sine, or dobutamine.

Patients with high-risk nuclear perfusion scans, stress- 
echocardiograms, and exercise tolerance test findings, as well as 
patients with ischemia with severe LV dysfunction, should be 
referred for diagnostic coronary angiography. Subjects with 
severe segmental LV dysfunction and absence of inducible isch-
emia should be evaluated to determine whether the myocardium 
is viable (but severely ischemic) or infarcted and not likely to 
benefit from revascularization. The choice of which study should 

be used to determine myocardial viability and the precise proto-
col for testing should be guided by local expertise. Low-dose 
dobutamine echocardiography, thallium-dipyridamole imaging, 
PET, and MRI are all valuable for assessment of viability. Evi-
dence of viability should lead to referral for angiography, with 
the goal of attempting revascularization whenever feasible. 
Patients with low-risk scans may be treated medically using risk 
counseling and adequate follow-up.

MANAGEMENT AND THERAPY

Optimum Treatment

The treatment goals in patients with chronic stable angina  
are to prolong and improve quality of life. The mitigation of 
cardiac risk factors with lifestyle alterations and pharmacother-
apy to prevent and even reverse progression of atherosclerotic 
disease helps to achieve these goals. Optimal medical therapy 
(OMT) most often involves use of a β-blocker, an angiotensin-
converting enzyme (ACE) inhibitor, a statin, aspirin, and life-
style modifications (Fig. 12-7). This combined approach can 
markedly reduce angina and prevent or slow the progression  
of CAD.

Smoking cessation should be emphasized, and referral to 
cessation programs should be provided. As noted elsewhere 
(Chapter 65), smoking cessation alone is more likely to  
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Figure 12-5 Cardiac risk factors.
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reduce future cardiac risk than any combination of medications 
and revascularization procedures. Patients should also be  
educated about the beneficial effects of physical exercise. High-
risk patients should be given a detailed exercise prescription and, 
in most circumstances, should initiate their exercise in a moni-
tored setting—as provided by cardiovascular rehabilitation 
programs.

The Seventh Joint National Committee on the Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure 
(JNC VII) guidelines direct blood pressure management in 
hypertensive patients. The selection of antihypertensive therapy 
can be tailored in patients with angina to achieve both improve-
ment in blood pressure and reduction of anginal symptoms. 
People with diabetes should attain tight glucose control; the 
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Figure 12-6 Stress-ECG testing to detect myocardial ischemia.

value of weight reduction must be stressed to appropriate 
patients. Quality assurance programs should ensure that patients 
with established atherosclerotic CAD be prescribed proven 
medical therapy (as described in the following sections on spe-
cific pharmacotherapies). Patients should be educated about the 
early warning signs of MI and stroke, the prompt use of aspirin 
and nitroglycerin, and access to the emergency medical system.

ANTIPLATELET THERAPy

All patients with atherosclerotic CAD should be treated  
with antiplatelet therapy. The cost and effectiveness of aspirin 
makes it the treatment of choice. The Swedish Angina Pectoris 
Aspirin Trial randomized 2035 patients with stable angina to 
75 mg aspirin versus placebo. A 33% relative reduction (9% 
absolute reduction) in cardiovascular events was observed with 
aspirin therapy. Similarly, a collaborative meta-analysis sug-
gested a 34% proportional reduction in nonfatal MI and a 26% 

reduction in nonfatal MI or death with antiplatelet therapy over 
placebo in high-risk patients. In patients with a history of MI, 
antiplatelet therapy prevented 18 nonfatal MIs, 5 nonfatal 
strokes, and 14 vascular deaths per 1000 patients treated over a 
mean duration of 2 years. Clopidogrel is an appropriate alter-
native for patients with a contraindication to aspirin. The con-
comitant long-term use (up to 12 months) of clopidogrel with 
aspirin following an acute coronary syndrome and percutaneous 
intervention is associated with a beneficial outcome. The Clopi-
dogrel for High Atherothrombotic Risk and Ischemic Stabiliza-
tion Management and Avoidance (CHARISMA) Trial evaluated 
dual antiplatelet therapy with aspirin and clopidogrel in patients 
with either clinically evident cardiovascular disease or multiple 
cardiovascular risk factors. Clopidogrel in addition to aspirin did 
not significantly reduce cardiovascular events in the overall 
population or high-risk primary prevention patients, although 
subgroup analysis demonstrated a reduction in death, MI, or 
stroke in patients with established cardiovascular disease. For 
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Figure 12-7 Management of chronic coronary artery disease in clinically stable patients. ACC/AHA, American College of Cardiology/
American Heart Association; ACE-I, angiotensin converting enzyme inhibitor.
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many patients with severe CAD who cannot or have not bene-
fited from revascularization, the addition of clopidogrel to 
aspirin is recommended.

β-BLOCkADE

In the absence of contraindications, all patients with CAD 
should be prescribed a β-blocker. In the Beta Blocker Heart 
Attack Trial, β-blockade with propanolol reduced the combined 
end point of recurrent nonfatal reinfarction and fatal coronary 
heart disease from 13.0% in the placebo group to 10% in the 
treatment group, a reduction of 23% at 25 months of follow-up. 
In trials of stable angina, β-blockers were superior to calcium 
antagonists in reducing episodes of angina. The rates of cardiac 
death and MI were not significantly different. β-blockers are 
also indicated for the majority of patients with class II to IV 
heart failure.

ANgIOTENSIN-CONVERTINg ENzyME INHIBITORS

All patients with established CAD and LV dysfunction (symp-
tomatic or asymptomatic) should be prescribed an ACE inhibi-
tor. In three large postinfarction trials, mortality rate was lower 
with ACE inhibitors than with placebo, as were the rates of 
readmission for heart failure and reinfarction and the composite 
of these events. High-risk patients with preserved LV function 

also seem to derive benefit. In the Heart Outcomes Prevention 
Evaluation Study, the use of ramipril in subjects older than 55 
years of age with preserved LV function significantly reduced 
the primary end points of MI, stroke, and cardiac death. On 
subgroup analysis, subjects with a history of CAD, MI, cardio-
vascular disease, cerebrovascular disease, or peripheral vascular 
disease all derived benefit. For individuals who cannot tolerate 
treatment with an ACE inhibitor due to side effects, treatment 
with an angiotensin-II receptor blocker should be considered. 
Although the data are not as strong as with ACE-inhibitor 
therapy, angiotensin-II receptor blockers probably have long-
term benefits in this population.

NITRATES

Nitrates are endothelium-independent vasodilators that reduce 
myocardial ischemia and improve coronary blood flow. When 
used effectively in patients with stable angina, they improve 
exercise tolerance and increase the anginal threshold. Patients 
with frequent episodes of angina should be treated with long-
acting oral nitrate therapy or with transdermal patches. If a 
transdermal patch is used, it is important to ensure a nitrate-free 
interval. Tachyphylaxis (and loss of nitrate efficacy) occurs in 
patients without nitrate-free intervals in their treatment regimen. 
Patients with angina should also be supplied with sublingual 
tablets or spray for breakthrough angina.
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TREATMENT OF HyPERLIPIDEMIA

Low-density lipoprotein cholesterol (LDL-C) should be the 
primary target of therapy. Secondary causes of hyperlipidemia, 
such as diabetes, hypothyroidism, obstructive liver disease, and 
chronic renal failure, should be considered and managed effec-
tively. Dietary fat should be restricted to 25% to 35% of daily 
caloric requirement (polyunsaturated fat, 20%; monounsatu-
rated fat, 10%). All patients should receive dietary counseling 
and instructions for weight reduction and increased physical 
activity. The current National Cholesterol Education Program 
guidelines recommend an LDL-C target of less than 100 mg/dL 
for patients with established CAD. For patients at very high risk 
for cardiovascular events with established CAD (e.g., recent 
acute coronary syndrome, multiple risk factors, poorly con-
trolled diabetes, and continued tobacco use), the suggested 
LDL-C goal is less than 70 mg/dL. Pharmacotherapy should  
be initiated with a statin. Statins decrease LDL-C by 18% to 
55%, decrease triglycerides by 7% to 30%, and raise high- 
density lipoprotein cholesterol (HDL-C) by 5% to 15%. In a 
meta-analysis combining the results from three secondary- and 
two primary-prevention trials, treatment with a statin resulted in 
a 31% reduction in major coronary events and a 21% reduction 
in all-cause mortality rates. Women and elderly individuals 
derived the same reduction in coronary events as their male and 
younger counterparts. For subjects with triglyceride levels in the 
range of 200 to 499 mg/dL, concomitant treatment with niacin 
or fibrate (a fibric acid derivative) should be considered. These 
drugs may also increase HDL-C levels. Although the data for 
using pharmacotherapy to increase low HDL-C levels is not 
conclusive, many favor this approach for high-risk individuals.

A concept of global cardiovascular risk is emerging. The 
current evidence suggests that all patients at cardiovascular risk 
derive benefit from statin treatment irrespective of their mea-
sured lipid profile. There are also advocates for broad use of a 
combination of medications to reduce the population risk of MI 
and stroke. However, neither of these approaches is currently 
incorporated into treatment guidelines.

INDICATIONS FOR REVASCuLARIzATION

Coronary artery bypass graft (CABG) improves survival in 
patients with severe stenosis of the left main coronary artery, 
three-vessel disease, or two-vessel disease with involvement of 
the proximal left anterior descending artery. Patients with LV 
dysfunction may derive more benefit but also have higher risk 
at the time of the procedure. When compared with percutane-
ous coronary intervention (PCI) in multivessel CAD, CABG 
provides greater freedom from angina and better target vessel 
revascularization—although CABG is also associated with a 
greater initial risk of procedural mortality, stroke, cognitive 
dysfunction, and early, transient deterioration in quality of life. 
PCI is less invasive but requires repeat procedures, mainly due 
to restenosis.

Trials comparing stenting (without the use of glycoprotein 
[GpIIb/IIIa] inhibitors) with CABG in multivessel disease 
reported somewhat discordant findings. The Arterial Revascu-
larization Trial Study reported similar mortality rates for the 
two strategies at 1 year. The Surgery or Stent (SoS) Study 

reported a lower mortality rate with CABG. Given the lack of 
an unambiguous recommendation for revascularization for all 
patients with multivessel CAD, physicians caring for these 
patients must individualize their decision making. That said, it 
is recommended that patients with unprotected left main, diffuse 
multivessel CAD, diabetes, or severely impaired LV function be 
referred for CABG. An initial strategy of percutaneous interven-
tion or CABG may be offered to patients with discrete coronary 
targets and preserved LV function.

Whether the use of drug-eluting stents will change the 
threshold for surgical referral remains to be seen. A recent study 
randomized patients to CABG or PCI with drug-eluting stents 
and examined whether there was a significant difference in 
major cardiovascular or cerebrovascular events at 12 months. 
The SYNergy between PCI with TAXUS and Cardiac Surgery 
(SYNTAX) investigators reported an increased rate of repeat 
revascularization in the PCI group, although rates of death and 
MI were similar between the two groups. The use of drug-
eluting stents has decreased somewhat in the past 2 years, as a 
result of reports of late stent thrombosis in a small percentage 
of patients with drug-eluting stents (Chapter 15).

An important and somewhat controversial study, the 
COURAGE (Clinical Outcomes Utilizing Revascularization 
and Aggressive Drug Evaluation) Trial enrolled patients with 
chronic angina, stable CAD suitable for PCI, and inducible 
myocardial ischemia and compared OMT with and without 
PCI. LV ejection fraction less than 30% was an exclusion  
criterion. The results showed no benefit for PCI in terms of 
reducing the primary outcome, which was all-cause death or MI, 
when compared to OMT alone. Advocates of medical therapy 
for CAD have argued that PCI is overutilized, based on the 
COURAGE Trial results. Advocates of PCI have criticized  
the design of the study and the large number of patients who 
crossed over between the therapeutic arms. The data from the 
COURAGE Trial and other studies have led many to suggest 
that the paradigm for management of patients with chronic 
stable angina and relatively preserved LV function be changed 
to reflect the likelihood that PCI is effective for early symptom 
improvement but may not confer added benefit over OMT 
alone for the prevention of MI.

At present, American College of Cardiology/American Heart 
Association class I indications for PCI are symptom control, 
single- and double-vessel disease with a large ischemic burden 
or LV dysfunction, after sudden cardiac death or sustained ven-
tricular tachycardia, and restenosis. Those with clinical angina 
refractory to medical therapy should be offered PCI. Subjects 
with refractory angina not amenable to revascularization may 
be considered for ranolazine, transmyocardial revascularization 
protocols, or enhanced external counterpulsation, but there are 
limited data to suggest benefit with these therapies.

Avoiding Treatment Errors

Revascularization may help to restore some degree of LV func-
tion in select patients with multivessel CAD, and it is very 
important to consider LV function and to assess myocardial 
viability when recommending for or against revascularization. 
Since patients with severe LV dysfunction were excluded from 
the COURAGE trial and no randomized studies are available 
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to address the particular issue of revascularizing ischemic but 
viable myocardium, it is important to consider these issues. 
Cardiac MRI and PET should be considered in such a patient 
to assess myocardial viability before CABG or PCI. Randomized 
studies currently under way will address the implications of 
hibernating myocardium for LV function and outcomes after 
revascularization.

OMT for patients with chronic CAD should include statin 
therapy, aspirin, β-blocker, ACE inhibitor, and clopidogrel when 
indicated. Goal-directed risk factor reduction with respect to 
blood pressure, lipid profile, and smoking cessation improves 
outcomes. Therapeutic lifestyle changes to monitor diet, exercise 
regularly, and reduce and maintain weight are important adjunc-
tive measures. Once therapeutic goals are achieved (e.g., with 
respect to target LDL-C concentration), physicians and patients 
must be mindful that discontinuing medications or reducing 
dosage may alter risk and reduce the benefits of medical therapy.

FUTURE DIRECTIONS

Accurate noninvasive identification and quantification of ath-
erosclerosis with electron beam CT, intravascular ultrasound, 
fractional flow reserve, carotid intimal thickness measurements, 
and endothelial vasoreactivity blur the traditional distinction 
between primary and secondary prevention of CAD. Biomarker, 
genetic, and proteomics research will allow prognostication with 
increasing accuracy as new therapeutic targets for plaque stabi-
lization and regression are translated from bench to bedside. 
Treatment for fixed epicardial CAD will be altered by distal 
protection devices, advances in adjunctive pharmacotherapy, 
and, perhaps, the much-awaited conquest of restenosis with 
drug-eluting stents. Advances in angiogenesis and stem cell 
transfer will potentially revolutionize therapy. A wonderful 
voyage lies ahead.
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Non–ST-Elevation Myocardial  
Infarction

Eric H. Yang and Steven R. Steinhubl

A cute coronary syndromes (ACSs) encompass a wide range 
of clinical disorders that share a common underlying physi-

ology: an acute or subacute imbalance between oxygen demand 
and supply of the myocardium. The presenting symptoms and 
diagnosis of patients with an ACS depend on the duration  
and degree of inadequate oxygenation, and the known variation 
in symptomatology in patients with an ACS. For these reasons, 
the diagnosis of ACS can be challenging and the outcomes vari-
able. Unstable angina, non–ST-elevation myocardial infarction 
(MI), ST-elevation MI, and even sudden cardiac death are 
potential clinical manifestations of an ACS.

The incidence and potential severity of ACS makes timely 
diagnosis and appropriate treatment essential for minimizing 
morbidity and mortality. Every year in the United States, 
approximately 2.5 million patients are admitted to a hospital 
with an ACS. Two thirds of these individuals are eventually 
diagnosed with unstable angina or non–ST-elevation MI. This 
chapter focuses on diagnosis and treatment of patients in the 
ACS subgroup called non–ST-elevation ACS. Patients diagnosed 
with ST-elevation MI are discussed in Chapter 14.

ETIology aNd PaThogENESIS

Several processes can result in an oxygen supply inadequate to 
meet myocardial demand, the hallmark of ACS. Most patients 
with an ACS share a common underlying pathophysiology: 
rupture of an atherosclerotic coronary artery plaque followed 
by the acute formation of a nonobstructive thrombus (Fig. 
13-1). Plaque erosion, characterized by adherence of a thrombus 
to the plaque surface without an associated disruption of the 
plaque, is another mechanism of coronary thrombosis. Autopsy 
series have shown that the prevalence of plaque erosion—as 
opposed to plaque rupture—as the primary event in ACS is  
25% to 40%. The frequency of plaque erosion is higher in 
women than in men.

Atherosclerotic lesions, composed primarily of a lipid-rich 
core and a fibrous cap, are extraordinarily common in adults and 
are present in most major arteries. Autopsy and intravascular 
ultrasound studies have confirmed the presence of coronary 
atherosclerotic lesions in most asymptomatic individuals older 
than 20 to 30 years of age. Why some plaques rupture and 
others do not is not entirely understood, although plaques prone 
to rupture do share certain characteristics. The presence of 
large, eccentric lipid cores and large numbers of inflammatory 
macrophages are common findings in fissured or ruptured 
plaques. The role of inflammatory cells and mediators that can 
effect the degradation and weakening of the protective fibrous 
cap is probably a critical component in ACS pathogenesis. The 
majority of lesions rupture at the site of greatest mechanical 
stress—shoulder regions where the fibrous cap is adjacent  
to normal intima—which are also often the site of greatest 

inflammatory activity. Importantly, neither the size of the 
plaque nor the degree of luminal obstruction caused by it cor-
relates with the risk of rupture. In fact, nearly two thirds of 
plaques that subsequently rupture were lesions that resulted in 
stenoses at that site of less than 50%. In fact, the majority of 
atherosclerotic plaques that rupture are not flow-restricting, 
representing a stenosis of less than 70%. Thus, there is at most 
only partial overlap between the types of atherosclerotic lesions 
that would result in limiting angina (and be appropriate for 
surgical or percutaneous revascularization) and the less flow-
limiting, more inflammatory atherosclerotic plaques that are 
most prone to rupture.

Other less common but important etiologies of ACS include 
intense focal spasm of epicardial coronary arteries (Prinzmetal 
angina) and conditions in which myocardial ischemia is second-
ary to a pathologic process extrinsic to the coronary arteries. 
Examples of the latter include an increase in myocardial oxygen 
demand secondary to tachycardia or fever or a decrease in  
myocardial oxygen supply due to systemic hypotension, severe 
anemia, or hypoxemia. These etiologies can result in a pattern 
of accelerating angina, particularly in individuals with signifi-
cant underlying coronary atherosclerosis.

As illustrated in Figure 13-2, there are important differences 
in the pathophysiology of non–ST-elevation versus ST- 
elevation MI. The treatment of these two entities, and the long-
term sequelae are also different.

ClINICal PrESENTaTIoN

Three principal presentations for ACS have been described:  
(1) angina that commences with a patient at rest, (2) new onset 
of severe angina (associated with minimal exertion), and (3) a 
distinct change in the frequency, duration, or threshold of  
a patient’s prior chronic angina pattern. However, the clinical 
presentation of ACS can vary considerably in different patients. 
Up to one third of patients subsequently proven to have an  
MI do not have chest pain at all, and an even larger number 
present with chest pain symptoms that are not clearly cardiac in 
description. The likelihood of an atypical presentation is 
increased in very young or old patients, in patients with diabetes, 
and in women.

dIffErENTIal dIagNoSIS

The clinical manifestations of myocardial ischemia can be mim-
icked by many other processes (see also Chapter 1). Musculo-
skeletal disorders involving the cervical spine, shoulder, ribs, 
and sternum can result in nonspecific chest discomfort and even 
pain syndromes that are similar to angina pectoris. Symptoms 
from gastrointestinal causes, including esophageal reflux with 
associated spasm, peptic ulcer disease, and cholecystitis, are 
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figure 13-1 Atherogenesis: unstable plaque formation.
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figure 13-2 Manifestations of myocardial infarction.
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often indistinguishable from angina. Intrathoracic processes 
such as pneumonia, pleurisy, pneumothorax, aortic dissection, 
and pericarditis can produce chest discomfort. Finally, panic 
attacks and hyperventilation are neuropsychiatric syndromes 
that can be mistaken for ACS.

dIagNoSTIC aPProaCh

History and Physical Examination

Although careful evaluation of the medical history is a  
crucial component in determining the diagnosis of a patient 
with chest pain, medical history alone is an imperfect discrimi-
nator of whether a patient is experiencing an ACS, because 
atypical presentations are so common. Although the classic 
symptom of chest discomfort from cardiac angina is described 
as a pressure or heaviness, almost one quarter of patients  
with chest pain who were eventually diagnosed with myocardial 
ischemia described chest discomfort as sharp or stabbing.  
Similarly, 13% of all patients with ACS presented with a pleu-
ritic pain component, and 7% had pain that was reproduced by 
palpation.

The physical examination in patients with suspected ACS  
is crucial for ruling out signs of hemodynamic instability and 
left ventricular (LV) dysfunction, because these findings identify 
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figure 13-3 Pathophysiology of acute coronary syndromes. CK, creatine kinase, CK–MB, creatine kinase MB isoenzyme; 
ECG, electrocardiographic; LDL-C, low-density lipoprotein cholesterol.
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a high-risk group of patients. In the majority of patients, exami-
nation results are normal. A thorough physical examination can 
help to distinguish noncardiac causes of chest discomfort and 
secondary causes of myocardial ischemia.

Electrocardiogram

The resting ECG is a key component for assessment of patients 
with suspected ACS. ST-segment and T-wave changes are the 
most reliable electrocardiographic indicators of myocardial 
ischemia (Fig. 13-2). Twelve-lead electrocardiography, per-
formed when symptoms are present, is particularly valuable. 
Ideally, recordings should be obtained while symptoms are and 
are not present. When possible, the ECG tracing should be 
compared with a previous tracing, taken in the absence of chest 
discomfort. If transient ST-segment or T-wave changes are 
identified, the patient probably has acute myocardial ischemia.

It is important to note, however, that a normal ECG does 
not exclude ACS in a patient with symptoms of myocardial 
ischemia. Numerous studies suggest that 5% to 15% of patients 
with chest pain who are ultimately diagnosed with MI or unsta-
ble angina had a normal initial ECG.

The ECG is critical not only for the diagnosis of ACS but 
also in providing important prognostic information dependent 
on the type and magnitude of changes. Patients with ST- 

segment depression are at highest risk of death during the  
subsequent 6 months, whereas those with isolated T-wave 
changes have no more long-term risk than do persons with  
no ECG changes. In patients with ST-segment depression,  
as the level of depression and the number of leads with depres-
sions increase, so does the risk of death or the probability of 
repeat MI.

Biochemical Markers of Myocardial Damage

The biochemical markers of myocardial necrosis, creatine kinase 
(CK) and its relatively cardiac-specific MB isoenzyme (CK-
MB), as well as cardiac troponins T and I, are also essential in 
the diagnosis and prognosis of patients with ACS. These markers 
become detectable after myocyte necrosis causes the loss of  
cell membrane integrity, which eventually allows these intracel-
lular macromolecules to diffuse into the peripheral circulation 
(Fig. 13-3).

Until recently, CK and CK-MB were the primary biochemi-
cal markers used to evaluate patients with chest pain. However, 
several properties of CK and CK-MB limit their predictive 
value, including their presence at low levels in the blood under 
normal conditions and in noncardiac sources, especially skeletal 
muscle. Therefore, in many centers cardiac troponins have 
become the preferred markers of myocardial necrosis. Because 
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cardiac troponins are not generally detected in the blood of 
healthy individuals and are cardiac-specific, they are more sensi-
tive and specific for myocardial necrosis than CK and CK-MB. 
Measurement of troponins allows myocardial necrosis to be 
detected in approximately one third of patients with unstable 
angina and normal CK-MB concentrations. It should be noted 
that in chronic renal failure, severe hypertension, and in other 
less well-understood settings, there are patients in whom tropo-
nin concentrations are chronically elevated.

Because at least 3 to 4 hours are typically necessary after MI 
to detect an increase in peripheral blood concentrations of 
CK-MB or troponins, serial blood testing during the initial 6 to 
12 hours after presentation is needed to safely exclude myocar-
dial damage in patients presenting with chest pain.

MaNagEMENT aNd ThEraPy

Risk Stratification

The diagnosis of ACS encompasses a wide spectrum of clinical 
outcomes. For this reason, the optimal management is best 
determined by considering each patient’s risk for an adverse 
event. In general, this risk can be categorized as the risk that the 
current acute presentation was caused by a thrombotic event,  
in the context of the long-term risk based on that particular 
patient’s atherosclerotic disease burden. The best surrogate for 
early thrombotic risk is biomarker (troponin or CK-MB) posi-
tivity (Fig. 13-4). Multiple studies have confirmed the prognos-
tic significance of elevated troponin concentrations and shown 
a consistent correlation between treatment benefit and troponin 

figure 13-4 Risk stratification for patients with coronary heart disease. CK, creatine kinase, CK-MB, creatine kinase MB isoenzyme; 
LDL-C, low-density lipoprotein cholesterol.
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status. Other markers of early thrombotic risk include ST- 
segment depression, dynamic ST-segment changes, and recur-
rent chest pain. Risk factors associated with the degree of 
underlying disease include advanced age, known coronary 
disease, and history of diabetes or multiple other classic risk 
factors for coronary disease (Fig. 13-5).

Many investigators have proposed specific scores—based on 
various clinical and laboratory criteria—to estimate risk. Thus 
far, none of these scores for ACS has been sufficiently sensitive, 
specific, and reliable to justify their use in clinical settings.

Optimum Treatment

ANTI-ISCHEMIC AGENTS

Nitrates reduce myocardial oxygen demand primarily by veno-
dilator effects that decrease myocardial preload. They can also 
dilate coronary arteries and increase collateral flow. All patients 
with chest pain who are hemodynamically stable should receive 
serial sublingual nitroglycerin tablets following diagnostic elec-
trocardiography. Early electrocardiography is critical to diag-
nose dynamic changes and identify whether right ventricular 
infarction is present. Nitrates should be used with great caution, 
or not at all, in patients with suspected or confirmed right ven-
tricular infarction. If pain is not relieved after electrocardiogra-
phy and use of other therapies such as β-blockers, administration 
of intravenous nitroglycerin should be initiated. Although 
nitrates reduce symptoms and myocardial ischemia, the admin-
istration of nitrates in ACS does not reduce mortality.

β-blockers competitively inhibit the effects of circulating 
catecholamine on cardiac β1-receptors, thereby decreasing 
myocardial oxygen demand by decreasing heart rate and con-
tractility. β-blockers should be given early, preferably intrave-
nously, if tolerated. Oral therapy can then be maintained to 
achieve a resting heart rate of 50 to 60 bpm. β-blockers should 
be used cautiously if at all in patients with significant atrioven-
tricular conduction delays, a history of asthma, or acute LV 
dysfunction. In patients who are intolerant of β-blockers, non-
dihydropyridine calcium channel blockers can be considered. 
β-blockers do reduce mortality when administered early in the 
course of an acute MI. Dihydropyridine calcium channel block-
ers should be avoided, especially in patients not receiving a 
β-blocker, because they can cause reflex tachycardia and there-
fore increase myocardial work and oxygen demand.

Morphine sulfate can be an effective adjunct when other 
anti-ischemic therapies have not relieved symptoms. Although 
morphine has some beneficial hemodynamic effects, its primary 
benefits are analgesia and anxiety reduction. Although these 
properties are important to calm a patient and decrease associ-
ated elevated catecholamine levels, the analgesic effects can 
mask symptoms of ongoing myocardial ischemia. In a patient 
who is asymptomatic following morphine administration, if 
objective evidence suggests ongoing myocardial ischemia, 
further therapy should not be delayed.

ANTICOAGuLANT DRuGS

Heparin and low-molecular-weight heparin (LMWH) indi-
rectly inhibit thrombin formation and activity, thereby facilitat-
ing thrombus resolution. Clinical trials comparing the effects of 

heparin plus aspirin versus aspirin alone have not shown a con-
sistent benefit to heparin, in terms of reduction in mortality and 
morbidity in ACS. Larger trials have not been, and probably 
will not be, conducted. Based on the consensus of opinion, full 
anticoagulation with administration of intravenous heparin and 
aspirin is recommended for the initial treatment of patients with 
ACS and decreases the risk of death and MI by 30% to 40%.

LWWH, compared with unfractionated heparin, possesses 
increased anti-factor Xa activity in relation to anti-factor IIa 
(antithrombin) activity. LMWH offers several advantages over 
unfractionated heparin. LMWH can be administered subcuta-
neously, and its anticoagulant effect is more predictable than 
that of heparin, so that monitoring is not required. Among the 
several LMWHs that are approved and available for the treat-
ment of patients with ACS, there is variation in the ratio of 
anti-factor IIa (thrombin) and anti-factor Xa. How these differ-
ences influence the therapeutic benefit of LMWH is unclear. 
Enoxaparin is the only LMWH shown to be superior to unfrac-
tionated heparin in the treatment of patients with ACS.

Direct thrombin inhibitors have also been investigated for 
the management of patients with an ACS. In the ACUITY 
(Acute Catherization and Urgent Intervention Triage Strategy) 
Trial, patients with non–ST-elevation ACS undergoing an early 
invasive strategy were randomized to one of three treatment 
groups: heparin plus a glycoprotein (Gp) IIb/IIIa inhibitor, 
bivalirudin plus Gp IIb/IIIa inhibitor, or bivalirudin alone. The 
direct thrombin inhibitor bivalirudin seemed to be noninferior 
(i.e., therapeutically comparable) to heparin plus Gp IIb/IIIa 
inhibitor therapy and was associated with less bleeding. Patients 
with positive biomarkers who were randomized to bivalirudin 
therapy without a Gp IIb/IIIa inhibitor did better when pre-
treated with a thienopyridine. Guidelines as to the use of direct 
thrombin inhibitors are currently being developed.

ANTIPLATELET AGENTS

Aspirin inhibits the amplification of the platelet activation 
process by blocking the formation of thromboxane A2 through 
the irreversible inhibition of platelet cyclooxygenase-1. Multiple 
placebo-controlled trials, using daily aspirin doses of 75 to 
325 mg, have consistently demonstrated decreased mortality 
and a decrease in the rate of MI. In general, the literature sug-
gests an approximately 50% reduction in mortality and morbid-
ity in ACS patients treated with aspirin versus placebo. Not only 
does aspirin therapy provide an acute benefit, but its long-term 
use leads to continued reduction in mortality and morbidity 
from ACS in this patient group. Accordingly, aspirin therapy  
is the cornerstone of antithrombotic therapies in patients  
with ACS.

The thienopyridines irreversibly inhibit the platelet P2Y12 
ADP receptor, thereby inhibiting platelet activation. Because 
aspirin and clopidogrel, the most commonly used theinopyri-
dine, inhibit platelet activation by separate mechanisms, when 
used together they provide a synergistic antiplatelet effect. 
Moreover, because activation of individual platelets leads to 
generalized platelet activation, the aspirin-clopidogrel combina-
tion reduces amplification of platelet activation and thrombosis. 
The clinical benefit of this combination was demonstrated in 
the trial Clopidogrel in Unstable Angina to Prevent Recurrent 
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figure 13-5 Algorithm for the differential diagnosis and treatment of acute coronary syndrome (ACS). ACE-I, angiotensin converting 
enzyme inhibitor; ASA, aspirin; CAD, coronary artery disease; depr., depression; EF, ejection fraction; LBBB, left bundle branch block; 
LMWH, low-molecular-weight heparin; MI, myocardial infarction; TIMI, Thrombolysis in Myocardial Infarction Trial.
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TIMI risk factor score
Risk factors Risk of adverse cardiac event*

ACS

Initiate therapy (ASA, β-blockade, nitroglycerin, statin, heparin/LMWH)

Non–ST-elevation ACS ST-elevation ACS (new LBBB or ST elevation) 

Acute MI management (see Chapter 14) Risk stratification (ECG, cardiac markers, TIMI risk score*) 

High risk 
(ST depr. and + cardiac markers 

or TIMI risk score 5–7) 

Intermediate risk 
(ST depr. and + cardiac markers

or TIMI risk score 3–4) 

Glycoprotein IIb/IIIa inhibitor Glycoprotein IIb/IIIa inhibitor** or clopidogrel

Medical management

Functional study with imagingCardiac catheterization

Low risk 
(Normal ST-segments and cardiac
markers, or TIMI risk score 0–2) 

Secondary prevention and risk factor modification (ASA, β-blockade, ACE-I, statin, smoking cessation, weight loss, etc.) 

Ischemic Events (CURE), which enrolled more than 12,500 
ACS patients. In this study, combination therapy with clopido-
grel and aspirin led to a relative 20% decrease in the combined 
end point of death, MI, and stroke compared with aspirin alone. 
This decrease in mortality and major morbidity was present 
soon after initiation of therapy. The positive benefits of aspirin-
clopidogrel therapy continued and were even more pronounced 
after a mean follow-up of 9 months.

Irrespective of the mechanism of platelet activation, platelet 
aggregation is dependent on platelet-platelet interaction through 

Gp IIb/IIIa receptors on the platelet surface and fibrinogen. 
Several direct antagonists to the platelet Gp IIb/IIIa receptor 
have been developed and studied in ACS patients. Abciximab, 
tirofiban, and eptifibatide are effective adjunctive agents in 
patients with an ACS. The most pronounced benefit is seen in 
patients who are troponin-positive or undergo a percutaneous 
coronary intervention (PCI) as an initial therapy for ACS.  
Additionally, studies of multiple oral Gp IIb/IIIa receptor 
antagonists have reproducibly shown a trend toward an increase 
in rates of death and MI, along with a significantly higher 
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bleeding rate, compared with patients treated with aspirin alone. 
These agents are not indicated in long-term therapy of patients 
with ACS.

CORONARY REvASCuLARIzATION

Indications for and timing of revascularization of the ACS 
patient, either through PCI or coronary artery bypass graft 
surgery, remain controversial. Early trials (TIMI IIB and  
VANQWISH) comparing an invasive approach, which required 
early angiography and revascularization if indicated, with a 
more conservative, symptom-driven approach, showed little 
benefit and even suggested possible harm from use of an invasive 
strategy. More recent trials (FRISC II and TACTICS-TIMI 
18), however, have consistently confirmed the benefit of an 
invasive approach. As with other therapies, the benefit of an 
invasive approach was primarily realized in those patients at 
greatest risk, particularly patients with elevated troponins. This 
probably explains the results of the earlier studies in which the 
majority of patients enrolled were clinically stable. Based on the 
available literature, PCI should be considered for patients pre-
senting with an ACS who are at increased risk based on clinical 
findings, ECG analysis, and/or positive biomarkers.

Avoiding Treatment Errors

Non–ST-elevation ACS is an initial clinical diagnosis based on 
the history obtained from the patient. The clinician should not 
wait for ECG changes or elevations in cardiac biomarkers before 
initiating therapy. Once initial therapy is given, risk stratifica-
tion—specifically, determining whether evidence of hemody-
namic compromise or LV dysfunction is present, determining 
whether ischemic ECG changes are present, and laboratory 
analysis for biomarker positivity—should be done to direct 
further therapy (see Fig. 13-5).

fuTurE dIrECTIoNS

Dramatic advances in our understanding of the pathophysiology 
of ACS have been made in recent years. As a result, patients 
with ACS are treated more rapidly and more efficaciously today 
than at any point in the past. In the years to come there will be 
continued improvement in antithrombotic and anti-ischemic 
therapies, and further research will identify those patients at 
greatest short- and long-term risk. By improving our ability to 
identify risk, both for the individual patient and for specific 
coronary lesions, therapies can be more appropriately directed, 
and complications of therapy can be minimized.
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ST-Elevation Myocardial Infarction

Martin Moser, Markus Frey, and Christoph Bode

T he diagnosis of acute coronary syndrome (ACS) is based 
on findings ranging from clinical presentation to ECG 

and/or biochemical findings to pathologic characteristics. 
Patients with ACS include those whose clinical presentations 
cover the following range of diagnoses: unstable angina, myo-
cardial infarction (MI) without ST elevation (NSTEMI), and 
MI with ST elevation (STEMI). An estimated 500,000 STEMI 
events per year occur in the United States.

ETIology and PaThogEnESIS

The initial event in formation of an occlusive intracoronary 
thrombus is rupture or ulceration of an atherosclerotic plaque. 
Plaque rupture results in exposure of circulating platelets to the 
thrombogenic contents of the plaque, such as fibrillar collagen, 
von Willebrand factor, vitronectin, fibrinogen, and fibronectin. 
Adhesion of platelets to the ulcerated plaque, with subsequent 
platelet activation and aggregation, leads to thrombin genera-
tion, conversion of fibrinogen to fibrin, and further activation 
of platelets, as well as vasoconstriction, due in part to platelet-
derived vasoconstrictors. This prothrombotic milieu promotes 
propagation and stabilization of an active thrombus that con-
tains platelets, fibrin, thrombin, and erythrocytes, resulting in 
occlusion of the infarct-related artery (Fig. 14-1A). Upon inter-
ruption of antegrade flow in an epicardial coronary artery, the 
zone of myocardium supplied by that vessel immediately loses 
its ability to perform contractile work (Fig. 14-1B). Abnormal 
contraction patterns develop: dyssynchrony, hypokinesis, akine-
sis, and dyskinesis. Myocardial dysfunction in an area of ische-
mia is typically complemented by hyperkinesis of the remaining 
normal myocardium, due to acute compensatory mechanisms 
(including increased sympathetic nervous system activity) and 
the Frank-Starling mechanism.

ClInICal PrESEnTaTIon

Typical prodromal symptoms are present in many but not all 
patients who present with an acute MI. Of these, chest discom-
fort, resembling classic angina pectoris but occurring at rest or 
with less activity than usual, is the most common. The intensity 
of MI pain is variable, usually severe, and in some instances 
intolerable. Pain is prolonged, usually lasting more than 30 
minutes and frequently lasting for hours. The discomfort is 
typically described as constricting, crushing, oppressing, or 
compressing. Often, the patient complains of a sensation of a 
heavy weight on or a squeezing in the chest. The pain is usually 
retrosternal, frequently spreading to both sides of the anterior 
chest, with predilection for the left side. Often the pain radiates 
down the ulnar aspect of the left arm, producing a sensation in 
the left wrist, hand, and fingers. In some instances, pain of an 
acute MI may begin in the epigastric area and simulate a variety 

of abdominal disorders. In other patients, MI discomfort radi-
ates to the shoulders, upper extremities, neck, jaw, and even the 
interscapular region. In patients with preexisting angina pecto-
ris, the pain of infarction usually resembles that of angina. 
However, it is generally much more severe, lasts longer, and is 
not relieved by rest and nitroglycerin (Fig. 14-2). In some 
patients, particularly the elderly, an MI is manifested clinically 
not by pain but by symptoms of acute left ventricular (LV) 
failure and chest tightness or by marked weakness or frank 
syncope. These symptoms may be accompanied by diaphoresis, 
nausea, and vomiting. More than 50% of patients with ST-
segment elevation and severe chest pain experience nausea and 
vomiting, presumably from activation of the vagal reflex or from 
stimulation of LV receptors as part of the Bezold-Jarisch reflex. 
These symptoms are more common in patients with an inferior 
MI than in those with an anterior MI.

Numerous findings may be present in the patient presenting 
with an acute MI. LV dysfunction may also result in pulmonary 
edema, hypotension, and decreased peripheral perfusion with 
cool extremities and mottling. Evidence of LV dysfunction may 
be present at early stages in patients with very large areas of 
ischemia or with preexisting LV dysfunction from a prior MI. 
Additionally, patients with acute mitral valve regurgitation may 
present with marked evidence of LV dysfunction. Patients with 
mitral regurgitation secondary to dysfunction of the mitral valve 
apparatus (papillary muscle dysfunction, LV dilatation) may, but 
not always, have an audible holosystolic murmur upon presenta-
tion. A third heart sound usually reflects severe LV dysfunction 
with elevated filling pressures. Marked jugular venous distention 
and v waves consistent with tricuspid regurgitation are evident 
in right ventricular infarction.

dIffErEnTIal dIagnoSIS

The pain of an acute MI may simulate the pain of acute peri-
carditis, which is usually associated with some pleuritic features 
and aggravated by respiratory movements and coughing. Pleural 
pain is more typically sharp, knifelike, and aggravated in a cyclic 
fashion by each breath. These features distinguish pleural pain 
from the deep, dull, steady pain of an acute MI. Pulmonary 
embolism generally produces pain laterally in the chest, often is 
pleuritic, and may be associated with hemoptysis. Pain from 
acute dissection of the aorta is usually localized in the center of 
the chest or back, is extremely severe, persists for many hours, 
often radiating to the back or lower extremities, and reaching 
maximal intensity shortly after onset of the pain. Often, one or 
more major arterial pulses are absent. Pain arising from the 
costochondral and chondrosternal articulations is characterized 
by marked localized tenderness. The pain of an acute MI, par-
ticularly of an inferior MI, may also simulate the pain of peptic 
ulcer disease or stress gastritis.
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figure 14-1 (a) Pathophysiology of acute myocardial ischemia. (B) Myocardial ischemia.
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Chiefly retrosternal
and intense

Most commonly 
radiates to left
shoulder and/or ulnar
aspect of left arm
and hand. May also
radiate to neck, jaw,
teeth, back, abdomen,
or right arm

Common
descriptions 
of pain

Other
manifestations
of myocardial
ischemia

Viselike Constricting Crushing weight
and/or pressure

Fear Perspiration

Shortness
of breath Nausea,

vomiting

Weakness, collapse, coma

dIagnoSTIC aPProaCh

Electrocardiographic Findings

A pattern of ST-segment elevation, especially with associated 
T-wave changes and ST depression in another anatomic distri-
bution (“reciprocal changes”), combined with chest pain persist-
ing longer than 20 minutes is highly indicative of STEMI (Fig. 
14-3). To meet the ECG criteria for STEMI the ST segment 
must be elevated in at least two contiguous leads by more than 
0.2 mV in V1 and V2 in men (0.15 mV in women) and/or by 
more than 0.1 mV in other leads. Many factors limit the ability 
of ECGs to diagnose and localize an MI: the extent of the myo-
cardial injury, the age of the infarct, the infarct’s location (e.g., 
the 12-lead ECG is relatively insensitive to infarction in the 
posterolateral region of the left ventricle), conduction defects, 
previous infarcts or acute pericarditis, changes in electrolyte 

concentrations, and the administration of cardioactive drugs.  
In addition, some patients with an acute MI do not have signifi-
cant ST changes because of the location of the infarction. For 
these reasons, even in the absence of STEMI ECG criteria, 
severe myocardial ischemia necessitating therapy may be present 
(see Chapter 13). With an appropriate clinical history, it may 
be necessary to pursue further diagnostic testing to rule out 
acute MI.

Serum Cardiac Markers

Before cardiac markers can be detected in serum, the myocyte 
cell membrane has to have disintegrated. Because this disinte-
gration process takes time, serum markers are not useful for 
early detection of an acute MI. Serum markers are, however, 
proof of an established MI and useful indicators of risk. 
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figure 14-3 Electrocardiogram (ECG) localization of ST-elevation myocardial infarction.
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Established serum markers used to diagnose an acute MI are 
creatine kinase (CK) and CK isoenzymes (CK-MB fraction), 
myoglobin, and cardiac-specific troponins (troponin I and tro-
ponin T). The smaller molecule myoglobin is released quickly 
from infarcted myocardium but is not cardiac-specific. There-
fore, elevations of myoglobin that may be detected early after 
the onset of infarction require confirmation with a more car-
diac-specific marker, such as troponin I or troponin T. The 
troponins are the most specific marker in clinical use. The sen-
sitivity of troponins is quite high, but in some settings (particu-
larly renal failure), troponin elevation can occur in the absence 
of myocardial injury.

Other Imaging

In STEMI patients presenting with cardiogenic shock,  
echocardiography can be useful in detecting correctable 
mechanical causes for low cardiac output—for instance, the 
presence of a new ventricular septum defect or papillary muscle 

dysfunction—and distinguishing these from global LV dysfunc-
tion. Because echocardiography can be performed at the bedside 
and can provide so much useful information, it is the most com-
monly used advanced imaging approach in patients with STEMI 
or ACS. Radiographic examination may show signs of LV failure 
and cardiomegaly. MRI can permit early recognition of an MI 
and an assessment of the severity of ischemic insult, although  
at present MRI is not used clinically in STEMI patients at  
most medical centers. With emphasis on early reperfusion (see 
“Management and Therapy”), the use of imaging techniques is 
extremely limited in the setting of an acute STEMI because of 
the time necessary for these studies.

ManagEMEnT and ThEraPy

Optimum Treatment

Several treatment options lower the mortality rate in an acute 
STEMI (Fig. 14-4). These options include early reperfusion 
(using percutaneous coronary interventions [PCIs], such as 
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figure 14-4 Optimum treatment of ST-elevation myocardial infarction (STEMI). ECG, electrocardiogram; PCI, percutaneous coronary 
intervention; UFH, unfractionated heparin. See ESC STEMI Guidelines 2008 for complete classification and level of 
evidence recommendations.
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angioplasty including stent placement; or thrombolytic therapy) 
and administration of aspirin and/or other platelet inhibitors, 
β-blockers, angiotensin-converting enzyme inhibitors, and 
statins. Other therapies for acute STEMI include the use of 
unfractionated heparin, low-molecular-weight heparin, nitrates, 
and antiarrhythmic agents; however, the data supporting use of 
these therapies are less compelling.

Reperfusion is by far the most effective treatment. Until PCI 
became the standard of care in hospitals with interventional 
cardiology programs, thrombolytic therapy was the best  
available reperfusion therapy. In communities without interven-
tional capabilities where there are long transport times (dis-
cussed below) to an appropriate facility, thrombolytic therapy is 
indicated in the case of ST elevation or presumably new left 
bundle branch block (which obscures the ECG diagnosis of an 
MI). Various thrombolytic agents, including streptokinase, 
alteplase, reteplase, and tenecteplase, are all widely available. 
Their administration does not require specialized facilities or 
staff; and these agents can be administered with minimal time 
delay. Numerous large clinical trials have associated the use of 
thrombolytic therapy with preservation of LV function, limita-
tion of infarct size, and a highly significant reduction in mortal-
ity rate. This benefit is time-dependent. When administered 
within 2 hours of symptom onset, fibrinolytic agents are 

associated with a 30% reduction in mortality rate. This benefit 
decreases to an 18% reduction if the fibrinolytic agents are given 
within 6 hours of symptom onset. Although fibrinolytic agents 
restore blood flow in the infarct-related artery in more than 
80% of patients within 90 minutes of administration, failure to 
achieve complete restoration of normal coronary flow (throm-
bolysis in MI grade 3 flow), which may occur only in 45% to 
60% of patients, represents a severe efficacy limitation of this 
therapy. Even after successful reperfusion, reocclusion and thus 
reinfarction occurs in up to 20% of patients. Therefore, only 
approximately 25% of patients treated with thrombolytic 
therapy achieve the ideal outcome of rapid and sustained nor-
malization of flow in the infarct-related artery. Finally, fibrino-
lytic therapy is limited by contraindications to its use, which 
affect up to 30% of patients, and a risk of lethal or intracranial 
hemorrhage of approximately 1%.

In recent years, primary angioplasty and stent placement 
(PCI) have been shown to be more efficacious than thrombo-
lytic therapy in the treatment of patients with acute STEMI 
(Fig. 14-5). PCI is more effective than thrombolytic therapy 
because it achieves both higher infarct-related artery patency 
rates and results in TIMI grade 3 flow more often than throm-
bolysis (Fig. 14-6). PCI also has advantages over thrombolytic 
therapy in terms of the rates of short-term mortality, bleeding 
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figure 14-5 Acute percutaneous coronary intervention (PCI) in the management of myocardial infarction (MI) with ST-elevation 
(STEMI).
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intra-aortic balloon pump) is available for patients
with cardiogenic shock.

In most cases, arterial access is obtained via the femoral artery.
Guide wires and catheters are passed to the coronary ostia by
a retrograde approach up the aorta, during fluoroscopic guidance.
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imaging
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complications (including intracranial hemorrhage), and stroke. 
The benefit of primary angioplasty with regard to the rates of 
mortality, reinfarction, and recurrent ischemia continues over 
long-term follow-up. Early intervention has the additional 
advantage of angiographic definition of the coronary vessels, 
which allows early risk stratification and identification of patients 
at particularly high or low risk for recurrent MI or cardiovas-
cular compromise. The use of stents in primary angioplasty adds 
further benefits, addressing the frequent problem of restenosis 
and the need for repeat revascularization. The use of drug-
eluting stents is advocated in the treatment of STEMI patients 
in some centers because of the reduced risk of restenosis associ-
ated with drug-eluting stents. Mechanical reperfusion is supe-
rior to thrombolysis, even if longer transport times to a 
specialized center must be accepted. Recent studies have sug-
gested that if a patient with an acute MI can be transported to 
a facility with PCI capability within 2 hours, even with the delay 
in initiation of definitive therapy, patients undergoing PCI (as 
compared with those undergoing thrombolytic therapy) have 
improved outcomes.

Avoiding Treatment Errors

In patients presenting with the clinical symptoms of acute MI 
that meet the ECG criteria for STEMI, treatment should be 
started immediately. It is a mistake to wait for serum cardiac 
markers in this situation. Serum markers may not be elevated if 
the patient presents early after symptom onset. Additionally, 
patients with a compelling clinical presentation for acute MI 
without ECG changes should be considered for urgent echo-
cardiography to determine whether myocardial ischemia is 
present (and electrocardiographically silent).

Adjunctive Therapy

Adjunctive antiplatelet and antithrombotic therapy are corner-
stones of the treatment of STEMI. The anti-ischemic potency 
of the adjunctive therapy is based on its anticoagulatory effects 
and must be balanced against the bleeding risk to the respective 
patient. Aspirin, an irreversible antagonist of the arachidonic 
acid pathway of platelet activation, is the first-choice antiplatelet 
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figure 14-6 Recanalization of an occluded right coronary 
artery (RCA). LAD, left anterior descending; 
LCX, left circumflex; STEMI, ST-elevation 
myocardial infarction.
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drug that every patient suffering from STEMI should receive 
as soon as possible independent from the planned revasculariza-
tion strategy. Inhibition of additional pathways of platelet  
activation is beneficial. Clopidogrel, an antagonist of the ADP 
receptor responsible for platelet activation, decreases ischemic 
events and reduces mortality in STEMI patients. Clopidogrel is 
a prodrug and must be metabolized in the liver to be activated, 
resulting in a delayed onset of action. To achieve effective levels 
of platelet inhibition as fast as possible, a loading dose of 300 mg 
clopidogrel is recommended in the ACC/AHA guidelines fol-
lowed by a maintenance dose of 75 mg/day (see Evidence 
section). It is noteworthy that a higher bolus dose (600 mg) 
providing even faster onset and a higher level of platelet inhibi-
tion is used in many centers. The different pathways of platelet 

activation lead to one final common pathway, activation of the 
glycoprotein (Gp) IIb/IIIa receptor. Upon activation it binds 
soluble fibrinogen, resulting in the formation of platelet aggre-
gates. Gp IIb/IIIa receptor antagonists block the binding of 
fibrinogen to Gp IIb/IIIa and consequently inhibit platelet 
aggregation very effectively. Abciximab, a recombinant antibody 
that irreversibly blocks Gp IIb/IIIa, has been effective in clinical 
trials in reducing ischemic events and mortality in STEMI 
patients undergoing PCI. The combination of thrombolytic 
therapy and Gp IIb/IIIa antagonists is not recommended 
because of an increased bleeding risk. Data supporting the 
small-molecule Gp IIb/IIIa antagonists eptifibatide and tirofi-
ban are not as compelling as those for abciximab, but these 
agents are considerably less expensive compared to abciximab, 
making the choice of the appropriate Gp IIb/IIIa antagonist 
sometimes challenging.

The traditional antithrombotic drug in ACS patients is 
unfractionated heparin. Newer anticoagulants have been devel-
oped to circumvent the disadvantages of heparin such as high 
interindividual variability in antithrombotic response, the need 
for close monitoring of the effect, and the risk of heparin-
induced thrombocytopenia, a potentially life-threatening side 
effect. Low-molecular-weight heparins have—as a result of their 
decreased binding to endothelial cells and plasma proteins—a 
more predictable antithrombotic effect than does unfraction-
ated heparin, and thus doses can usually be given weight-adjusted 
without further monitoring. Heparin or low-molecular-weight 
heparins should be used independently from the revasculariza-
tion strategy. A novel direct antithrombin, bivalirudin, was 
approved for STEMI patients who undergo interventional 
revascularization. Compared to the standard therapy with 
heparin combined with a Gp IIb/IIIa antagonist, the treatment 
with bivalirudin alone had similar anti-ischemic properties but 
fewer bleeding complications. Thus, bivalirudin may be an 
alternative choice to Gp IIb/IIIa antagonists, particularly in 
patients with an increased risk for bleeding.

Hemodynamic Disturbances  
and Arrhythmias

LV dysfunction remains the most important predictor of death 
after survival of the acute phase of STEMI. In patients with 
STEMI, heart failure is characterized by systolic dysfunction or 
by both systolic and diastolic dysfunction. LV diastolic dysfunc-
tion can lead to pulmonary venous hypertension and pulmonary 
congestion; systolic dysfunction can result in markedly depressed 
cardiac output and cardiogenic shock. Mortality rates in patients 
with acute STEMI increase with the severity of the hemody-
namic deficits.

Mechanical causes of heart failure may occur in acute STEMI: 
free wall rupture, pseudoaneurysm, rupture of the interventricu-
lar septum, or rupture of a papillary muscle. Arrhythmias may 
occur in an MI as a consequence of electrical instability. Sinus 
bradycardia, sometimes associated with atrioventricular block 
and hypotension, may reflect augmented vagal activity. Ischemic 
injury can produce conduction block at any level of the atrio-
ventricular or intraventricular conduction system.

Other complications after an acute MI are recurrent chest 
discomfort, ischemia, and infarction. Furthermore, pericardial 
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prevention of infarction, and trials with antiarrhythmics, such 
as encainide, flecainide, and d-sotalol, following an MI have 
reported an increased risk of death. Amiodarone may improve 
survival after an MI in the presence of significant arrhythmias 
in patients with preserved LV function. Implantable cardio-
verter defibrillators offer a nonpharmacologic approach for  
prevention of cardiac arrest from ventricular arrhythmias after 
an MI.

fuTurE dIrECTIonS

Patients who survive the initial course of an acute MI are at 
increased risk because of coronary artery disease and its com-
plications. It is imperative to reduce this risk, as well as expand 
preventive therapies to patients at risk who have yet to undergo 
a cardiac event.
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effusion, pericarditis, and Dressler’s syndrome may also occur. 
An LV aneurysm develops in fewer than 5% to 10% of patients 
with an STEMI (especially patients with an anterior MI).  
The mortality rate is up to six times higher in patients with an 
LV aneurysm than in patients without aneurysms. Death in 
patients with an LV aneurysm is often sudden and presumably 
related to ventricular tachyarrhythmias, which frequently occur 
with aneurysms.

Secondary Prevention

The concept of secondary prevention of reinfarction and death 
after recovery from an acute MI includes lifestyle modification, 
cessation of smoking, and control of hypertension and diabetes 
mellitus. Lipid profile modification requires drug therapy (pref-
erably with an HMG CoA reductase inhibitor—usually one of 
the widely available statins) in most patients. Randomized trials 
of patients with a prior MI have shown that prolonged antiplate-
let therapy leads to a 25% reduction in the risk of recurrent 
infarction, stroke, or vascular death. Indefinite angiotensin-
converting enzyme inhibitor therapy is recommended for 
patients with clinically evident congestive heart failure, a mod-
erate decrease in global ejection fraction, or a large, regional 
wall motion abnormality. MI patients with preserved LV func-
tion may also benefit from long-term therapy with an angio-
tensin-converting enzyme inhibitor. Meta-analyses of trials of 
β-adrenoceptor blockers have shown a 20% reduction in the 
long-term mortality rate, probably due to a combination of 
antiarrhythmic effect (prevention of sudden cardiac death) and 
prevention of a reinfarction. Note that the administration of 
β-adrenoceptor blockers must be carefully considered in patients 
with risk for LV failure or cardiogenic shock.

Though long advocated based on epidemiologic studies, the 
combination of estrogen plus progestin has been shown to be 
ineffective for long-term secondary prevention of coronary 
heart disease in postmenopausal women in recent years. Calcium 
antagonists are not routinely recommended for secondary  
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Percutaneous Coronary Intervention

Bruce R. Brodie and Tift Mann

I n the early 1990s, the introduction of coronary stenting 
revolutionized percutaneous coronary intervention (PCI). 

Short-term procedural results improved, and the incidence of 
emergency coronary artery bypass graft surgery (CABG), at 3% 
to 5% in the 1980s, declined significantly to less than 1%. With 
the development of drug-eluting stents in the 2000s, the fre-
quency of late repeat revascularization was reduced from 15% 
to 20% with bare-metal stents to 5% to 7% with drug-eluting 
stents. As a result of these improvements, and expanded indica-
tions for PCI, the number of PCI procedures has increased 
dramatically and the frequency of CABGs has been reduced 
(Fig. 15-1).

PerformanCe of PerCutaneous 
Coronary InterventIon

Procedure and Equipment

PCI is performed in cardiac catheterization laboratories with 
the same radiographic equipment used for diagnostic coronary 
arteriography. Arterial access is obtained via the femoral, radial, 
or brachial artery (Fig. 15-2). The femoral approach is used 
most frequently and is the preferred method taught at most 
training centers. The radial approach, which has the advantage 
of infrequent access site bleeding complications and reduced 
patient morbidity due to earlier ambulation after PCI, has 
gained popularity in recent years. Disadvantages of the transra-
dial approach are the significant learning curve and the potential 
for radial artery occlusion. The presence of a patent ulnar artery 
and intact palmar arch (which can be assessed by physical exami-
nation) is a prerequisite for the use of this approach and provides 
assurance that should radial artery occlusion occur, it will be 
asymptomatic.

Interventional guide catheters are slightly larger than diag-
nostic catheters so as to accommodate balloons, stents, and 
other devices. After visualization of the coronary artery and 
target lesion via arteriography, a coronary guide wire is advanced 
across the lesion and positioned in the distal vessel. A small 
double-lumen catheter with a distal balloon is passed over the 
guide wire and positioned at the lesion. An inflation device is 
used to expand the balloon and open the obstruction by fractur-
ing and compressing plaque. Today, coronary stenting is an 
integral part of virtually all angioplasty procedures. The unde-
ployed stent is mounted on a second balloon catheter that is 
passed over the guide wire to the area initially dilated. Balloon 
inflation expands and deploys the stent (Fig. 15-3). A high-
pressure balloon catheter is then used to fully expand the stent. 
With continued improvements in devices it is increasingly 
common to insert and fully expand the stent using a single-
balloon catheter without predilatation.

After PCI and after removal of catheters, hemostasis has 
traditionally been achieved at the access site via manual com-
pression once the activated clotting time has returned to 

baseline. Recently, the use of “closure devices” at the femoral 
arteriotomy site has gained popularity. In this circumstance, the 
femoral arteriotomy site is closed with either a suture or a col-
lagen plug immediately after the procedure, thus providing 
immediate hemostasis in suitable patients and allowing earlier 
ambulation.

Adjunctive Pharmacologic Therapy

All patients undergoing PCI receive aspirin before the proce-
dure, and the patient is then fully anticoagulated during the 
procedure to prevent thrombus formation on intravascular 
devices. Traditionally, heparin was used as the anticoagulant of 
choice with the addition of platelet glycoprotein (Gp) IIb/IIIa 
inhibitors to provide additional protection against thrombosis 
in patients presenting with acute coronary syndromes, in whom 
the risk of a periprocedural infarction and ischemic events is 
increased. More recently, bivalirudin has become the anticoagu-
lant of choice. The incidence of periprocedural ischemic events 
with bivalirudin is comparable to heparin in combination with 
a platelet Gp IIb/IIIa inhibitor, but bivalirudin has the signifi-
cant advantage of a short half-life with resulting reduction in 
access site bleeding complications.

A major problem with stent use has been thrombus formation 
on unendothelialized struts. The process of endothelialization 
is significantly inhibited with drug-eluting stents, and it may 
take months for struts to become completely covered. Late stent 
thrombosis (LST) occurring as long as a year after drug-eluting 
stent deployment is a major concern with currently available 
devices. Because of this concern, an oral antiplatelet program of 
aspirin and clopidogrel should be continued for 1 year after 
drug-eluting stent implantation to minimize this risk. Concerns 
about LST and potential bleeding complications from long-
term dual antiplatelet therapy have tempered the early enthusi-
asm for the use of drug-eluting stents (see Fig. 15-1).

Outcomes with Percutaneous  
Coronary Intervention

With improved technology, the availability of improved stents, 
and greater operator experience, outcomes of PCI procedures 
have improved dramatically. With proper patient selection and 
when performed by experienced operators, procedural success—
defined as reduction in the minimal lumen diameter at the lesion 
site to less than 20% with normal antegrade blood flow—can 
be expected in greater than 95% of patients. The risk of a  
complication such as dissection with vessel occlusion or vessel 
perforation is now a rarity in the catheterization laboratory. 
Although this practice is controversial, some operators have 
advocated performing these procedures without on-site  
surgical backup.

Operator experience is mandatory for these procedures to be 
performed safely. The American Heart Association (AHA)/
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figure 15-1 Number of patients undergoing coronary bypass 
surgery and coronary stent procedures in the 
United States 1987–2008. CABG, coronary artery 
bypass graft; DES, drug-eluting stent.
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figure 15-2 Percutaneous coronary intervention: vascular 
access.
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American College of Cardiology (ACC) guidelines for PCI rec-
ommend that PCI be performed only in institutions that do 
more than 400 PCI procedures per year and by operators who 
each perform more than 75 PCI procedures per year.

Restenosis had been a major limitation of PCI before the 
routine use of intracoronary stents. Balloon trauma to the vessel 
wall induces vascular cell hyperplasia, which may result in recur-
rence of arterial narrowing at 3 to 6 months. The use of bare-
metal stents resulted in a significant reduction in restenosis 
rates. The development of drug-eluting stents—stents coated 
with a thin polymer carrying immunosuppressive or antiprolif-
erative agents (i.e., sirolimus, paclitaxil) that are released over 
time to prevent the neointimal hyperplasia that can cause reste-
nosis—has resulted in a further decrease in restenosis. The need 
for late repeat revascularization has decreased from 15% to 20% 
with bare-metal stents to 5% to 7% with drug-eluting stents. 
Given the risk of LST and the need for long-term anticoagulant 
therapy following implantation of a drug-eluting stent, it is 
important to individualize stent selection. For treatment of ste-
noses in larger diameter coronary arteries, it may not be neces-
sary to use a drug-eluting stent.

With these advances, many patients who previously required 
CABG can now be effectively treated in the catheterization 
laboratory. Although it is still an effective means of treating 
patients with complex coronary disease, CABG is now necessary 
in a smaller percentage of patients.

Procedural Complications

The most frequent complications with PCI relate to the arterial 
access site. Bleeding and hematomas occur in 3% to 5% of 
patients but can usually be managed conservatively and only 
occasionally necessitate blood transfusions or surgical interven-
tion. Pseudoaneurysm formation at the access site occurs in less 
than 1% of patients and can usually be managed with ultra-
sound-guided compression. Retroperitoneal hemorrhage is rare 

but may be life-threatening, particularly if unrecognized, and 
may necessitate surgical intervention. It is especially important 
to be vigilant for evidence of retroperitoneal hemorrhage in 
patients who continue to receive intravenous anticoagulation 
after PCI. Radial artery occlusion may occur after transradial 
procedures, but these are virtually always asymptomatic because 
of the hand’s dual blood supply.

Cardiac complications are surprisingly infrequent. Balloon 
inflations and stent deployment may result in embolization of 
atheromatous debris and/or thrombus formation in the distal 
coronary bed. The resultant myocardial infarctions (MIs) are 
usually small and well tolerated. The use of bivalirudin or 
heparin with adjunctive platelet Gp IIb/IIIa inhibitors may help 
reduce the frequency of periprocedural MI. Ischemia-induced 
arrhythmias, including ventricular tachycardia or fibrillation, 
usually respond to drug therapy and/or cardioversion. PCI-
induced coronary dissection and/or thrombotic occlusion can 
result in Q-wave MI, emergency CABG, and occasionally death. 
Use of contemporary PCI techniques by experienced operators 
has decreased the frequency of these complications to less  
than 1%.
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figure 15-3 Performance of percutaneous coronary 
intervention: stent deployment.
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adjunCtIve devICes

High-Speed Rotational Atherectomy

High-speed rotational atherectomy uses a diamond-coated burr 
rotating at high speed to fragment plaque into small particles 
that are absorbed downstream (Fig. 15-4). Used primarily to 
treat heavily calcified lesions, ostial lesions, and bifurcation 
lesions, rotational atherectomy is usually combined with 
stenting.

Devices to Protect against  
Distal Embolization

Lesions that develop in saphenous vein grafts following CABG 
are composed of friable plaque and thrombus and are prone  
to distal embolization during coronary intervention. Several 
devices protect against distal embolization, the most common 
of which are coronary filters (Fig. 15-5). Filters of the current 
design are attached to a coronary guide wire and contained 
within a sheath before deployment. The filter system is posi-
tioned in the vein graft distal to the lesion, and the filter is 
deployed by removal of the sheath, which allows the filter to 
self-expand. Stenting is then performed over the coronary guide 
wire proximal to the filter. Atherosclerotic and thrombotic 

figure 15-4 Rotational atherectomy.

Diamond-coated burr

debris, dislodged during stent deployment, are caught in the 
filter rather than embolizing downstream to the microvascular 
circulation, where they could potentially cause myocardial 
damage. After completion of the stent procedure, the filter is 
removed with a retrieval sheath.

Coronary filter

Stent
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figure 15-5 Distal protection device: coronary filter.
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A proximal protection device (in contrast to the filter, which 
is a distal protection device) has been developed to provide 
protection against distal embolization in lesions that are not 
suitable for protection with filters. Both proximal and distal 
protection devices reduce periprocedural MI when used with 
PCI in saphenous vein grafts.

Devices to Remove Thrombus

Thrombus is frequently present at the site of obstructive coro-
nary lesions, especially in patients with ST-segment elevation 
MI (STEMI) and other acute coronary syndromes. Thrombi 
may embolize into the distal coronary bed and compromise 
outcomes with PCI. The most commonly used thrombectomy 
devices are aspiration devices, which have a lumen for passage 
of the device over a coronary wire and a second lumen with a 
distal opening that is used for manual aspiration of thrombotic 
material. These devices are frequently used to treat STEMI 
patients who have a large thrombus burden. Select studies have 
demonstrated improved outcomes by using thrombectomy 
devices in this setting.

Another device for removal of thrombus is the rheolytic 
thrombectomy system. This device involves a unique catheter 
with an extra lumen through which high-speed saline is injected 
backwards into the catheter. This creates a low-pressure zone 
(Bernoulli principle) that pulls the surrounding thrombus into 
the catheter through holes in the end of the catheter. Saline jets 
then break the thrombus into microparticles and propel them 
out of the catheter proximal lumen. This device is particularly 
effective in managing lesions with a very large thrombus burden.

Intravascular Ultrasound

Intravascular ultrasound (IVUS) is performed with a transducer 
that is passed over a coronary guide wire into the coronary 
artery. IVUS allows visualization of atherosclerotic plaque and 
the vessel wall and provides diagnostic information not available 
from coronary angiography alone (Fig. 15-6). It is used before 
PCI to evaluate lesion severity and vessel size, to help determine 
the need for adjunctive devices, and to help size the stent. After 
PCI, IVUS is frequently used to assess the adequacy of stent 
deployment and to ensure complete stent apposition to the 
vessel wall. In the present era of drug-eluting stents, optimum 
stent deployment and complete stent apposition are thought to 
be extremely important in minimizing the risk of early and late 
stent thrombosis, and IVUS has been used with increasing fre-
quency for this purpose. Serial IVUS studies are also used for 
research purposes to quantitate coronary plaque volume and 
measure progression or regression of plaque volume in response 
to experimental therapies.

Cutting Balloon

The cutting balloon has been proposed as an alternative to 
standard balloon angioplasty for the treatment of technically 
difficult lesions, such as those that occur within a stent, at sites 
of arterial bifurcation or at the ostia of coronary arteries, and in 
small coronary arteries. The most commonly used cutting 
balloon has three cutting blades or atherotomes that cause a 

controlled dissection and may provide a better opening as com-
pared with standard balloon angioplasty. A similar cutting device 
has been introduced that uses three or four spiral nitinol struts 
mounted on a semicompliant balloon. This device cuts the 
plaque with balloon inflation and may provide a more predict-
able outcome.

Coronary Doppler Flow Wire

The coronary Doppler flow wire is an important tool that can 
be used to evaluate the functional severity of an intermediate 
coronary artery stenosis. A sensor-tipped angioplasty guide wire 
is positioned distal to the coronary lesion, and the flow velocity 
reserve is determined after adenosine-induced hyperemia. The 
results can predict inducible ischemia with stress testing and are 
useful in determining the need for PCI.

IndICatIons

Coronary revascularization with PCI can provide symptomatic 
relief from angina for patients with obstructive coronary artery 
disease (CAD) and may improve survival in selected patients. 
Indications for PCI have been outlined in the AHA/ACC/
Society for Coronary Angiography and Interventions guidelines 
for PCI. The decision to perform PCI involves weighing the 
likelihood of procedural success and long-term benefits against 
the benefits of alternative strategies of medical therapy and 
CABG. The likelihood of procedural success and late benefit is 
highly dependent on lesion and patient selection, as well as 
operator and institutional experience.

Patient Selection

Patients with obstructive CAD who are asymptomatic or have 
only mild angina, and who have no or minimal ischemia during 
stress testing, can often be treated medically. However, asymp-
tomatic patients who have significant myocardial ischemia 
during stress testing and severe obstructive CAD at catheteriza-
tion are at high risk of cardiovascular morbidity and should be 
considered for revascularization with either PCI or CABG.

Patients with stable angina and significant obstructive CAD 
in one or two vessels generally have improved symptoms and a 
better quality of life when treated with PCI compared with 
medical therapy. However, PCI does not reduce the frequency 
of death or reinfarction in most patients with stable angina. PCI 
is generally preferred as the revascularization strategy over 
CABG in patients with single- or double-vessel CAD if the 
lesions are suitable for PCI.

In patients with multivessel disease, both CABG and PCI are 
options. Most trials comparing PCI with CABG have shown 
similar rates of death and MI but less need for repeat procedures 
in those patients who have undergone CABG. Whether to 
choose CABG or PCI depends on the presence of comorbid 
disease that may affect surgical risk, lesion characteristics that 
may affect PCI outcome, and patient preference, weighing  
the initial risk and morbidity of open heart surgery against the 
increased need for repeat revascularization procedures after 
PCI. Diabetic patients with multivessel disease generally have 
better survival rates with CABG than with PCI.
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figure 15-6 Intravascular ultrasonography.
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Patients who present with acute coronary syndromes benefit 
significantly if they undergo urgent PCI. Patients with unstable 
angina and non-STEMI treated invasively (with PCI) have sig-
nificantly reduced major events (death or MI) as compared with 
those patients treated with medical therapy alone. Patients pre-
senting with unstable angina or non-STEMI should undergo 
urgent evaluation with coronary angiography followed by triage 
to PCI, CABG, or medical therapy depending on the coronary 
anatomy and coexisting medical conditions.

Patients with STEMI derive the greatest benefit from PCI. 
PCI for patients with STEMI (primary PCI) has clear 

advantages over fibrinolytic therapy, with significant reductions 
in death, reinfarction, and stroke, and has become the preferred 
reperfusion strategy when it can be performed by experienced 
personnel in a timely fashion. Primary PCI has special advan-
tages in patients with cardiogenic shock and in patients ineli-
gible for thrombolytic therapy. In patients who present to 
non-PCI hospitals, when there is delay in transfer for primary 
PCI, there has been controversy whether the best option is 
fibrinolytic therapy given locally or transfer for primary PCI. 
Recently, there has been a nationwide effort to reduce transfer 
times so that most STEMI patients can be treated with primary 
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PCI. STEMI patients who are treated with fibrinolytic therapy 
but fail to reperfuse, as evidenced by persistent chest pain and 
lack of ECG ST-segment resolution, are candidates for rescue 
PCI, which can improve outcomes. PCI performed early or 
within a few days after successful fibrinolytic therapy may reduce 
the frequency of recurrent ischemic events.

Coronary Lesion Selection

Coronary artery lesion characteristics are an important factor  
in deciding whether patients should be treated with PCI,  
CABG, or medical therapy. Complex coronary lesions include 
very long lesions, lesions with excessive tortuosity or calcifica-
tion, extremely angulated lesions, some bifurcation lesions, 
ostial lesions, degenerative vein grafts, small vessel size, and 
chronic total occlusions. The presence of such lesions can  
make PCI more difficult and can compromise long-term out-
comes. When there are complex coronary lesions and the likeli-
hood of a favorable outcome with PCI is reduced, other 
alternatives, such as medical therapy or CABG, may become 
more attractive.

The development of obstructive disease in saphenous vein 
grafts after CABG is an increasingly common problem. Lesions 
in saphenous vein grafts are characterized by diffuse, friable 
plaque and thrombus and have increased frequency of distal 
embolization with PCI. Focal lesions in vein grafts can usually 
be treated with stenting using distal protection to prevent distal 
embolization (described above), but diffuse degenerative lesions 
in multiple saphenous vein grafts are often best treated with 
repeat CABG.

Previously, the standard treatment strategy for lesions of the 
left main coronary artery has been CABG. However, improved 
PCI techniques and the availability of drug-eluting stents have 
made stenting of left main coronary artery lesions feasible. It is 
likely that treatment of left main lesions with PCI will increase.

future dIreCtIons

The most important problem in interventional cardiology is 
that of late stent thrombosis following drug-eluting stent 
implantation. While the drug coating on these stents very effec-
tively reduces intimal hyperplasia and thus restenosis, it also 
prevents endothelialization. This is true for all currently 
approved drug-eluting stents. Thus, these stents (and their 
struts) may remain exposed to the circulation months after 
implantation. The requirement for long-term antiplatelet 
therapy is problematic; it is expensive and exposes the patient 

to potential significant bleeding complications. Even short-term 
interruption of antiplatelet therapy for elective noncoronary 
surgical procedures in patients with drug-eluting stents has been 
associated with risk of stent thrombosis, and clinical decisions 
regarding how to balance this risk with the risk of postponing 
surgery can be difficult.

The next generation of drug-eluting stents may help with the 
problem of stent thrombosis. Different or less potent antipro-
liferative drugs could impede intimal hyperplasia while allowing 
endothelialization of the stent. Other areas under investigation 
include bioabsorbable stents and stents covered with drug only 
on the abluminal surface.

Ongoing studies are also addressing technical issues related 
to PCI. New wires and devices that may facilitate crossing 
chronic total occlusions are being studied in clinical trials. New 
stents are being designed to specifically address bifurcation 
lesions as well as small vessels. New stent platforms are being 
evaluated to allow easier delivery to complex lesions. Advances 
in adjunctive pharmacology are also anticipated.

Together, these approaches offer the promise of continued 
improved outcomes for patients who undergo PCI.
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Coronary Artery Bypass Surgery
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C ardiovascular disease is the leading cause of death of both 
sexes in the United States and all industrialized nations and 

is increasingly becoming an important cause of death in devel-
oping countries. Approximately 500,000 people die in the 
United States as a result of cardiac disease yearly; 148,000 of 
them are younger than 65. In 2008, approximately 770,000 
Americans presented with a new myocardial infarction (MI), and 
approximately 430,000 had a recurrent MI. Acute and chronic 
coronary syndromes result in inadequate delivery of oxygen to 
the myocardium and subsequent disturbances in oxidative 
metabolism. Insufficient coronary flow of nutrients to myocar-
dial cells results in angina. If prolonged, myocardial ischemia 
leads to myocardial cell death. The most straightforward solu-
tion to this interruption of blood flow through coronary arteries 
is to bring new or additional blood flow through alternative 
pathways, thus bypassing the obstructed coronary arteries. The 
development of coronary artery bypass graft (CABG) surgery 
was fostered by this understanding.

Etiology And PAthogEnESiS

The presence of risk factors for atherosclerosis—advanced age, 
genetic predisposition, male sex, hypertension, diabetes melli-
tus, renal disease, hyperlipidemia, and cigarette smoking—all 
result in a propensity for the normally thin intima of coronary 
arteries to increase in both thickness and smooth muscle cell 
content. This earliest stage of atherosclerosis is caused by the 
proliferation of smooth muscle cells; the formation of a tissue 
matrix of collagen, elastin, and proteoglycan; and the accumula-
tion of intracellular and extracellular lipids. Thus, the first phase 
of atherosclerotic lesion formation is focal thickening of the 
intima with an increased presence of smooth muscle cells and 
extracellular matrix. Intracellular lipid deposits also accumulate. 
Next, lesions called fatty streaks form. A fatty streak is an accu-
mulation of intracellular and extracellular lipid that is visible in 
diseased segments of affected arteries. As the lesion evolves, a 
fibrous plaque can form from continued accumulation of fibro-
blasts covering proliferating smooth muscle cells laden with 
lipids and cellular debris. Plaques progress in complexity as 
ongoing cellular degeneration leads to ingress of blood constitu-
ents and calcification. The plaque’s necrotic core may enlarge 
and become calcified. Hemorrhage into the plaque may disrupt 
the smooth fibrous surface, causing thrombogenic ulcerations. 
Clot organization on the plaque surface often occludes, or 
nearly occludes, the arterial lumen, further decreasing blood 
flow (see also Chapter 2).

Just as the rapidity of atherosclerotic lesion formation  
varies from individual to individual, the presentation of ischemic 
heart disease also varies. Objective evidence of myocardial isch-
emia is identified with concurrent coronary angiographic evi-
dence of flow-limiting atherosclerotic lesions. The need for 
surgical treatment usually arises from presentation of an indi-
vidual with an acute coronary syndrome and multivessel 

coronary artery disease (CAD) or with stable but debilitating 
angina (see Chapters 13 and 14). Examples of indications for 
urgent CABG include postinfarction angina, ventricular septal 
defect, acute mitral regurgitation, free wall rupture, and/or car-
diogenic shock in patients admitted to the hospital with acute 
MI. Each of these acute conditions warrants surgical interven-
tion and revascularization.

diffErEntiAl diAgnoSiS

The differential diagnosis of myocardial ischemia includes  
atherosclerotic and nonatherosclerotic causes of epicardial  
coronary artery obstruction. Nonatherosclerotic causes include 
congenital anomalies, myocardial bridges, vascularities, aortic 
dissection, aortic valve stenosis, granulomas, tumors, and scar-
ring from trauma, as well as vasospasm and embolism. Many of 
these entities may also be indications for CABG.

Other diseases mimicking angina include esophagitis due to 
gastrointestinal reflux, peptic ulcer disease, biliary colic, visceral 
artery ischemia, pericarditis, pleurisy, thoracic aortic dissection, 
and musculoskeletal disorders.

diAgnoStiC APProACh

Although patients with ischemic heart disease present with  
a spectrum of clinical urgency, diagnostic evaluation relies  
on objective evidence of ischemia, assessment of disease  
burden, and determination of whether the coronary anatomy  
is amenable to surgical revascularization. The diagnostic 
approach begins with a complete history and extensive physical 
examination (see Chapter 1). It is important to note that  
the physical examination is an insensitive tool and may not  
assist in the diagnosis of chronic ischemic heart disease. Many 
patients with chronic ischemic heart disease have no physical 
findings related to the disease, and even when present, physical 
findings are often not specific for CAD. Because coronary  
atherosclerosis is common, any physical finding suggestive of 
heart disease should raise the suspicion of chronic ischemic 
heart disease.

Diagnostic evaluation includes multiple approaches. Labora-
tory studies should be performed to assess for the presence of 
cardiac risk factors such as diabetes mellitus, hyperlipidemia, 
renal insufficiency, hepatic insufficiency, and hyperthyroidism. 
Electrocardiography can document myocardial ischemia during 
chest pain or with physiologic or pharmacologic stress testing. 
A stress test may also be used to detect CAD or assess the func-
tional importance of coronary lesions. Test results are positive 
if the patient has signs or symptoms of angina pectoris with 
typical ischemic ECG changes. The predictive value of the 
ECG for detecting myocardial ischemia varies in different clini-
cal settings, but the sensitivity and specificity of electrocardiog-
raphy are typically less than 70%. The predictive value of stress 
testing is improved by combining electrocardiography with 



130 SECTION II • Coronary Heart Disease

nuclear or echocardiographic imaging. In individuals who 
cannot exercise, stress can be induced by administration of  
the synthetic catecholamine dobutamine, which mimics exer-
cise. Vasodilator drugs such as dipyridamole and adenosine  
are often used to accentuate flow variations that can occur in 
individuals with CAD. With vasodilation, these drugs also can 
cause increased heart rate, increased stroke volume, and an 
increase in myocardial oxygen demand. Wall motion abnormali-
ties at rest or with stress may be assessed by transthoracic  
echocardiography, nuclear imaging, or by MRI (see Chapters 3, 
7, and 8).

The gold standard for evaluating coronary anatomy to deter-
mine the suitability for surgical revascularization is coronary 
angiography. Coronary angiography allows accurate assessment 
of coronary atherosclerosis, including quantification of disease 
location and severity. Studies on the relationship between coro-
nary artery stenoses and myocardial ischemia support the notion 
that lesions that reduce the coronary artery’s cross-sectional 
area by 70% or more (50% in diameter) significantly limit  
flow, especially during periods of increased myocardial oxygen 
demand. If detected, such lesions are considered compatible 
with symptoms or other signs of myocardial ischemia. Because 
atherosclerosis is not uniform, coronary angiography is, to a 
certain degree, imprecise. The coronary artery’s cross-sectional 
area at the point of atherosclerotic lesion must be estimated 
from two-dimensional diameter measurements and in several 
planes. When compared with autopsy findings, stenosis severity 
is usually underestimated by coronary angiography. Addition-
ally, coronary angiography does not consider that serial coro-
nary artery lesions may incrementally reduce flow to distal beds 
by more than is predicted by any single lesion. A series of appar-
ently insignificant lesions may reduce myocardial blood flow 
substantially.

In choosing a diagnostic approach, noninvasive stress testing 
is performed first in evaluating patients with suspected coronary 
atherosclerosis, as long as they have not presented with an 
unstable coronary syndrome. Although the risks of both stress 
testing and coronary angiography are low, in patients with stable 
angina, or in patients being assessed following MI, the risk  
of stress testing is lower than that of coronary angiography. 
Mortality rates for stress testing average 1 per 10,000 patients 
compared with 1 per 1000 for coronary angiography. The phys-
iologic demonstration of myocardial ischemia and its extent 
form the basis of the therapeutic approach, irrespective of  
coronary anatomy. Mildly symptomatic patients who have small 
areas of ischemia at intense exercise levels have an excellent 
prognosis and are usually treated medically, particularly if left 
ventricular (LV) function is normal or near normal. Knowledge 
of coronary anatomy is not necessary to make this therapeutic 
decision. For this reason, in stable patients noninvasive assess-
ment of myocardial ischemia and its extent is appropriate before 
considering coronary angiography.

Patients with profound symptoms of myocardial ischemia 
during minimal exertion are more likely to have severe diffuse 
multivessel coronary atherosclerosis or obstruction of the left 
main coronary artery. The likelihood that revascularization will 
be required is high, and coronary angiography should be per-
formed as soon as possible. Patients with severe unstable angina 
should not undergo stress testing because of the increased risk 

in this population. Coronary angiography is recommended as 
the initial diagnostic study in these patients. Patients with angina 
or evidence of ischemia in the early post-MI period are consid-
ered to be unstable angina patients and, likewise, should also 
undergo coronary angiography instead of stress testing. Other 
indications for coronary angiography include situations in which 
noninvasive testing will be inaccurate, such as for many patients 
with left bundle branch block on ECG or those who are unable 
to exercise and difficult to image noninvasively.

MAnAgEMEnt And thErAPy

With an indication for surgical myocardial revascularization, 
management evolves into an issue of timing (emergent, urgent, 
or elective) and surgical approach (traditional revascularization 
with cardioplegic arrest and cardiopulmonary bypass [CPB] 
support versus off-pump CABG [OPCABG]) (Box 16-1; Fig. 
16-1). The merits of percutaneous revascularization versus sur-
gical revascularization in specific patient presentations are dis-
cussed in Chapter 15. The decision to proceed with CABG 
emergently is made when coronary angiography confirms the 
diagnosis of occlusive CAD with hemodynamic instability and/
or ongoing myocardial ischemia despite intensive medical treat-
ment. Although the increased myocardial perfusion that results 
from placement of an intra-aortic balloon pump (IABP) can be 
useful in the short term, patients who require an IABP for 
control of myocardial ischemia should undergo revasculariza-
tion as soon as safely possible. Urgent procedures are performed 
during the same hospital admission secondary to unstable symp-
toms and severely obstructed coronary anatomy. Patients with 
stable angina patterns, hemodynamic stability, and less threat-
ening coronary anatomy may undergo elective CABG.

Box 16-1 The Indications for Coronary Artery 
Bypass Surgery

• Left main coronary disease
• Triple-vessel disease with normal or diminished 

ejection fraction
• Two-vessel disease with involvement of the proximal 

left-sided anterior descending coronary artery with 
normal or diminished ejection fraction

• Unstable (crescendo) angina
• Post–myocardial infarction angina
• Life-threatening ventricular arrhythmias with greater 

than 50% left main disease or triple-vessel disease
• Acute coronary occlusion after percutaneous coronary 

intervention
• Persistent symptoms despite maximal medical therapy
• Coronary artery disease and the need for heart surgery 

for other indications (i.e., valve replacement surgery)
• Mechanical complications of acute myocardial infarction

• Ventricular septal defect
• Acute mitral regurgitation
• Free wall rupture
• Cardiogenic shock

Data from Brown ML, Sundt TM, Gersh BJ. Indications for 
revascularization. In: Cohn LH, ed. Cardiac Surgery in the Adult. 
New York: McGraw Hill; 2007.
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figure 16-1 Off-pump coronary artery bypass grafting. LAD, left anterior descending.

A limited median sternotomy is performed.
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After opening the pericardial sac, the target
coronary artery is dissected from surrounding
tissue and held by sutures. During temporary
interruption of blood flow through the coronary 
artery, the anastomosis is performed without
cardiopulmonary bypass as long as myocardial
function remains stable.

Sutures with Silastic tapes
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Local immobilization at the anastomosis
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Hoses of the suction device of the stabilizer
are connected to a vacuum pump.

The type of stabilizer shown here
is attached to the epicardium by 
means of small suction cups.

Silastic, Dow Corning, Midland, MI

Optimum Treatment

The gold standard for CABG is complete myocardial revascu-
larization. CABG often allows more complete revascularization 
than is possible using percutaneous coronary revascularization 
approaches. CABG is traditionally performed with an arrested, 
still heart with circulatory support provided by CPB. CPB 
systems include a pump (most commonly a roller pump), a 
membrane oxygenator, and an open reservoir. Operating on the 
arrested heart permits careful examination of diseased vessels 
and selection of optimal sites for anastomosis of grafts to coro-
nary vessels as small as 1.5 mm in diameter.

Initial studies suggested that because of the potential detri-
mental effects of CPB, the widespread use OPCABG would 
result in improved outcomes. Subsequent studies have demon-
strated that when surgery is conducted as expeditiously as pos-
sible and CPB time is minimized, outcomes for conventional 
CABG versus OPCABG are virtually identical.

Obtaining optimal outcomes for CABG involves attention to 
several important technical details. The traditional surgical 
revascularization technique involves placement of an aortic 
cross-clamp on the ascending aorta to control the surgical field. 
Cross-clamping the aorta results in myocardial ischemia. To 
minimize myocardial injury, the heart is protected both by the 
use of cardioplegia solutions and by cooling the heart to reduce 
metabolic demand. Blood and crystalloid cardioplegia are both 

used, with indications for each determined by surgeon prefer-
ence and the presence or absence of acute ischemia. Hypother-
mic (4°C) oxygenated blood and cardioplegic solutions are 
administered by both anterograde and retrograde approaches to 
rapidly cool the heart. Hypothermic systemic perfusion provides 
enhanced right-sided ventricular protection, in that retrograde 
cardioplegia via the coronary sinus may provide limited delivery 
to the right ventricle. Retrograde cardioplegia is of importance 
particularly in patients with impaired right-sided ventricular 
function, proximal right coronary artery occlusion, prolonged 
ischemic times, or when right-sided ventricular metabolic 
demand is increased. Because ventricular stretch impairs post-
operative ventricular function, an LV vent can be used to 
decompress the left ventricle if it distends during CPB. Follow-
ing completion of anastomoses, approximately 100 mL of crys-
talloid cardioplegia solution at 4°C are delivered through each 
graft to the myocardium if inadequate myocardial protection is 
a concern. Cardioplegic redosing via the aortic root or coronary 
sinus is performed every 20 minutes throughout the cross-clamp 
period and is accompanied by strict vigilance to topical cooling, 
which ensures adequate maintenance of tissue hypothermia 
during the cross-clamp period.

After cross-clamp application and inducement of cardiople-
gia, distal anastomoses are performed first. The vessels on  
the heart’s inferior surface (right coronary artery, posterior 
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descending artery, LV branch) are grafted before other vessels. 
Then, proceeding in a counterclockwise direction, grafts are 
placed as needed for the posterior marginals, the middle mar-
ginals, the anterior marginals, the ramus intermedius, the diago-
nals, and, last, the left-sided anterior descending artery. The 
internal mammary artery anastomosis to the left anterior 
descending artery (or alternately, to the most important distal 
target) is performed last. Proximal anastomoses are then per-
formed with the formation of aortotomies that are subsequently 
enlarged with a 4-mm punch. If the ascending aorta has sub-
stantial atherosclerotic disease (detected either by inspection or 
transesophageal echocardiography), embolic risk is minimized 
by the procedure being performed without a cross-clamp. Many 
surgeons place stainless-steel washers (that can be visualized by 
fluoroscopy) on the proximal graft anastomotic sites to assist 
with later catheterizations. Once proximal and distal anastomo-
ses are completed, the aorta and grafts are de-aired with subse-
quent removal of the aortic clamp. This initiates myocardial 
reperfusion, and preparations are made for weaning the patient 
from CPB.

The heart is allowed to reperfuse in an unloaded beating state 
as electrolyte, acid-base, and hematocrit values are corrected 
and inotropic agents are started, if indicated. In general, the 
need for inotropic agents is determined by preoperative or intra-
operative factors. Preoperative factors include advanced age, 
low ejection fraction, high pulmonary artery pressures, high LV 
end-diastolic pressure, or high central venous pressures. Intra-
operative factors that prompt the need for inotropic assistance 
include incomplete revascularization, severe distal disease, pro-
longed CPB or cross-clamp times, poor myocardial protection, 
and poor LV contractility seen by visual inspection after cross-
clamp removal. Intraoperative transesophageal echocardiogra-
phy can be helpful in determining the need for inotropic agents 
after weaning from CPB.

An alternative approach to traditional CABG is to operate 
on the beating heart—so-called OPCABG. The placement of 
stabilizing devices on the targeted coronary artery makes this 
technique technically feasible (Fig. 16-1, lower). The coronary 
artery is briefly occluded (10–20 minutes), or intracoronary 
shunts are used to allow anastomosis of the graft to the coronary 
artery distal to the atherosclerotic obstruction. The targeted 
coronary artery is stabilized, and blood pressure is aggressively 
controlled with volume and inotropic agents delivered during 
anesthesia. OPCABG requires continued communication with 
the anesthesiologist throughout the procedure. Although hemo-
dynamically and technically more challenging, this procedure 
allows for pulsatile antegrade flow through the coronary artery 
and systemic circulation without the added insults of hypother-
mia, CPB, and the obligatory proinflammatory blood–artificial 
surface interface.

Minimally invasive surgery is another less widely adapted 
technique. In brief, this approach incorporates the concept of 
OPCABG with a limited-access incision. A limited left-sided 
anterolateral thoracotomy is performed through the fourth 
intercostal space without resection or dissection of the ribs. 
After opening of the pericardial sac, the target coronary artery 
is dissected from surrounding tissue and held by sutures at a 
short distance proximal and distal to the anastomosis that was 
snared over a piece of pericardium for temporary interruption 

of blood flow. The anastomosis is performed without CPB as 
long as myocardial function remains stable. A stabilizer permits 
local immobilization at the anastomosis site. This procedure has 
less utility than the other procedures because minimal exposure 
limits options with hemodynamic instability and multivessel 
disease. In most cases, this technique limits the surgeon to the 
use of the internal mammary artery and, usually, grafting of the 
left anterior descending coronary artery. Thus, minimally inva-
sive CABG is most appropriate for single-territory myocardial 
revascularization.

Avoiding Treatment Errors

Avoiding treatment errors in CABG is multifactorial. An initial 
important issue is to determine the suitability of a given patient 
for CABG. Second, CABG requires meticulous attention to 
surgical technique. In addition, conduit choice is vital to long-
term patency of grafts and ultimately long-term survival. For 
instance, the use of an internal mammary artery is superior to 
the use of vein grafts alone. In addition, survival is improved 
with bilateral internal mammary grafting as opposed to left 
internal mammary artery and vein grafting. Finally, excellent 
postoperative care is a necessity for success in any cardiac surgi-
cal program.

futurE dirECtionS

As noted, OPCABG has reputed advantages in smaller, single-
institution prospective series, as well as retrospective analysis  
of larger thoracic surgery databases. Advantages of OPCABG 
seem to include fewer neurologic, pulmonary, and renal sequelae. 
Although the absence of circulatory support with CPB is the 
prevailing explanation for less end-organ injury, the absence of 
global ischemia-reperfusion may also contribute. The potential 
disadvantage of OPCABG is incomplete myocardial revascular-
ization or compromised distal conduit–coronary anastomosis 
due to the increased technical difficulty of operating on the 
moving heart. For all CABG subtypes, revascularization should 
not be compromised. Conversion from off- to on-pump may be 
necessary to complete revascularization. The ongoing National 
Institutes of Health–sponsored, multicenter, prospective con-
trolled trial evaluating traditional CABG versus OPCABG, is 
addressing these issues.

With rapidly growing incidence of heart failure and a limited 
number of donors for heart transplantation, techniques to 
improve LV function in the context of myocardial revasculariza-
tion have evolved. Surgical restoration of normal LV shape  
and volume following MI has gained widespread appeal. The 
National Institutes of Health is sponsoring a multicenter, pro-
spective, randomized trial to examine the influence of LV endo-
aneurysmorrhaphy and CABG on morbidity and mortality rates 
compared with medical treatment or CABG alone.

Advances in robotic technology, off-pump multivessel  
techniques, and closed-chest CPB systems have prompted 
exploratory use of remote CABG techniques (Fig. 16-2). One 
study compared percutaneous intervention to limited-access 
beating-heart minithoracotomy single-vessel coronary revascu-
larization for proximal left-sided anterior CAD. The results 
were favorable for this hybrid surgical, less-invasive approach. 



CHAPTER 16 • Coronary Artery Bypass Surgery 133

Postsurgical appearance of the patient’s
chest. Three small sutured incisions 
are the only sequelae for most patients 
who undergo this procedure.

Sitting a few feet from the patient, 
the surgeon remotely controls the 
surgical instruments.

Images collected by the microcameras 
inside the chest are transmitted to the 
computer and displayed on the monitor, 
for other members of the surgical team.

Computer console Instruments and cameras are inserted 
into the patient’s body via small incisions 
between the ribs and are remotely
controlled by the surgeon.

The motions of the surgeon’s hand 
at the console are transmitted to the 
surgical instruments. Software
algorithms filter unwanted motions,
including imperceptible tremors
of the hands.

figure 16-2 Remote-access minimally invasive coronary artery bypass grafting.

The ultimate goal for robotic CABG is complete multivessel 
revascularization using an off-pump approach without sternot-
omy or even minithoracotomy. This requires that conduit har-
vesting, conduit preparation, target vessel preparation, control, 
and anastomosis are all performed remotely from a master 
control unit. Although two-vessel CABG has been successfully 
performed with this approach in Europe, limitations remain. 
New technologies in facilitated anastomotic devices, integrated 
real-time imaging, and guidance control systems will be manda-
tory to realize the vision of robotic multivessel CABG.
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Cardiogenic Shock after  
Myocardial Infarction

Venu Menon and Jay D. Sengupta

C ardiogenic shock (CS) is characterized by hypotension and 
end-organ hypoperfusion as a result of low cardiac output. 

CS remains the most common cause of death after presentation 
with a myocardial infarction (MI). This clinical state occurs in 
5% to 8% of patients hospitalized with ST-elevation myocardial 
infarction (STEMI) and 2.5% of patients with non-STEMI. 
The incidence of CS has decreased only slightly over time, and 
the mortality rate remains high at near 50% despite advances in 
interventional and pharmacologic management.

EtIology

CS after an MI is most commonly secondary to severe left  
ventricular (LV) dysfunction. This may result from a large-
index MI or from acute injury in subjects with prior LV dysfunc-
tion. In the SHOCK (SHould we revascularize Occluded 
Coronaries for cardiogenic shocK) Trial, predominant LV 
failure accounted for four out of five of all such cases. Approxi-
mately one third of the patients enrolled in the study had evi-
dence of a prior MI.

Several unique clinical entities may also present with acute 
hemodynamic collapse. Mechanical complications associated 
with shock include acute mitral regurgitation related to papillary 
muscle dysfunction or rupture, ventricular septal rupture (VSR), 
or free-wall rupture. Right ventricular (RV) failure due to RV 
infarction in isolation or in combination with LV failure can 
also present in this manner. The clinician should also be aware 
of iatrogenic shock resulting from inappropriate administration 
of medications such as β-blockers. Occult hemorrhage due to 
procedure-related complications or in conjunction with therapy 
using antithrombotic, antiplatelet, and fibrinolytic agents can 
also cause hypotension and shock.

DIffErEntIal DIagnoSIS

Several nonischemic and extracardiac etiologies must be consid-
ered in patients with hypotension and suspected cardiogenic 
shock. Acute myocarditis secondary to infections or toxins can 
lead to the development of CS within hours of the first signs of 
illness. Takotsubo cardiomyopathy, or apical ballooning syn-
drome, is another cause of acute LV dysfunction, typically in 
response to emotional or physical stress, and can present as CS. 
The differential diagnosis should also include acute aortic dis-
section, which can be associated with aortic valve regurgitation, 
coronary artery dissection, aortic rupture, and tamponade. 
Cardiac tamponade can also occur secondary to a focal myocar-
dial hematoma following cardiac surgery or trauma or from a 
circumferential pericardial effusion from malignancy, infarc-
tion, or infection. A pulmonary embolism may cause volume and 
pressure overload of the right ventricle and obstruction of RV 

outflow leading to hemodynamic collapse. Myocardial depres-
sion secondary to septic shock must also be excluded.

PathogEnESIS

Predominant Left Ventricular Failure

CS is traditionally defined as an unsupported systolic blood 
pressure less than 90 mm Hg with normal to elevated LV  
filling pressures and evidence of end-organ hypoperfusion. 
Acute ischemia due to plaque rupture/thrombosis can result  
in acute myocardial dysfunction. Decreased cardiac output on 
the basis of inadequate LV stroke volume in the setting of MI 
can lead first to decreased systemic systolic blood pressure. 
Hypotension can then lead to further reduction in coronary 
perfusion pressure and further worsening of myocardial isch-
emia. There may also be cardiac ischemia due to fixed flow-
limiting stenoses in epicardial coronary arteries remote from the 
infarct-related vessel. Ischemia thus begets ischemia resulting in 
a progressive spiral of hemodynamic collapse culminating with 
death. In this traditional paradigm of CS, vasoconstriction from 
falling cardiac output was thought to be the major mechanism 
by which the neurohormonal system compensates for hypoten-
sion. The recognition that many patients have unexpected vaso-
dilation and low systemic vascular resistance in this setting has 
led to modification of this conceptual design. Observational 
evidence suggests that inflammatory cytokines such as interleu-
kin-6 (IL-6), IL-1, and tumor necrosis factor-α are elevated in 
patients with CS to the same levels seen in patients with a septic 
state. These findings suggest that MI may result in a systemic 
inflammatory response syndrome as previously observed with 
infection or trauma that results in myocardial depression and 
hypotension independent of ischemic necrosis (Fig. 17-1). 
These findings are also of importance when considering the 
diagnostic evaluation of CS patients and optimal therapy  
(see below).

Right Ventricular Failure

RV dysfunction commonly occurs when there is infarction of 
the territory supplied by the acute marginal branches of the 
right coronary artery (Fig. 17-2). This typically results in hypo-
tension with clear lung fields and is often accompanied by 
bradyarrhythmic complications, including high-grade atrioven-
tricular block and even complete heart block. ST-segment ele-
vation in right-sided ECG leads V3 and V4 is a very specific 
finding for RV infarction. A right-sided ECG should be obtained 
in all patients presenting with an acute inferior MI and in any 
patients suspected of having RV infarction. With RV infarction, 
the right-sided filling pressures become acutely elevated, since 
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figure 17-1 Classic paradigm of cardiogenic shock with recent 
observation that inflammatory mediators 
contribute to a vicious cycle of hypotension and 
further ischemia. iNOS, inducible nitric oxide 
synthase; LVEDP, left ventricular end-diastolic 
pressure; NO, nitric oxide; SVR, systemic vascular 
resistance. Adapted from Hochman JS. Cardiogenic 
shock complicating acute myocardial infarction: 
expanding the paradigm. Circulation. 2003;107;
2998–3002.

Systemic
inflammation

↑ Inflammatory 
cytokines

↑ iNOS

↑ NO
↑Peroxynitrite

↓ Systemic
perfusion

↓ Cardiac output
↓ Stroke volume

↓ Coronary
perfusion pressure

Hypotension

LVEDP
Pulmonary
congestion

Hypoxemia

Compensatory
vasoconstriction

Vasodilation
↓ SVR

Myocardial infarction

Myocardial dysfunction

Systolic Diastolic

Ischemia

Progressive
myocardial
dysfunction

Death

there is reduced forward flow through the pulmonary circula-
tion into the left side of the heart. Elevation in RV end-diastolic 
pressure may also negatively impact LV filling by causing a 
“bowing” of the interventricular septum into the LV cavity. As 
a result, the left ventricle is underfilled and cardiac output 
further reduced. Reperfusion of the right coronary artery 
improves RV function, restores conduction, and can often result 
in normalization of hemodynamics.

Mitral Regurgitation

The anatomy of the mitral valve as depicted in Figure 17-3 
reveals how mitral leaflet closure depends on papillary muscle 
function. Each mitral valve leaflet is connected by chordae ten-
dineae to both the posteromedial and anterolateral papillary 
muscles. The posteromedial papillary muscle is at greater risk 
from ischemic damage, since it has a single blood supply from 
the posterior descending artery, whereas the anterolateral papil-
lary muscle usually receives dual blood supply from the left 
anterior descending and circumflex arteries. Consequently, infe-
rior and posterior MIs are more likely to cause papillary muscle 
dysfunction/rupture and resultant severe mitral regurgitation. 

Additional risk factors for papillary muscle rupture include age, 
female sex, first MI, hypertension, and single-vessel disease. The 
jet of mitral regurgitation in this situation is eccentric and 
directed away from the affected flail mitral leaflet. In contrast, 
ischemic mitral regurgitation results from a restricted posterior 
mitral leaflet with resultant central to posteriorly directed mitral 
regurgitation.

The natural history of acute severe mitral regurgitation from 
papillary muscle rupture is dismal, with three quarters of patients 
dying within 24 hours and only 6% surviving longer than 2 
months. The severity of mitral regurgitation results in marked 
elevations in left atrial and pulmonary capillary wedge pressures 
leading to pulmonary edema and hypoxia. In the SHOCK  
Registry, despite having a higher mean LV ejection fraction, the 
cohort of patients with acute severe mitral regurgitation had 
similar in-hospital mortality to patients with LV failure. There 
was a trend toward improved in-hospital survival in patients who 
underwent surgical repair in addition to revascularization as 
compared with those treated with revascularization alone (40% 
to 71%, P = 0.003). Ischemic mitral regurgitation in the setting 
of an acute MI may be difficult to recognize initially. For this 
reason, it is critical to keep this potential diagnosis in mind in 
the evaluation of MI patients with CS. At present, it is still 
recommended that these patients undergo surgery to repair or 
replace the mitral valve, coupled with revascularization, urgently 
or emergently.

Ventricular Septal Rupture

CS due to VSR complicating acute MI has a mortality rate 
exceeding 75%. Classically described as a late complication, it 
can also present early. The median time from MI to VSR was 
only 16 hours in the SHOCK Registry. Both anterior and infe-
rior MIs can give rise to VSR. Inferior infarctions cause septal 
rupture in the basal inferior septum that are complex and ser-
piginous and usually extend into the right ventricle. In contrast, 
anterior infarctions cause rupture in the apical septum. As with 
ischemic mitral regurgitation/papillary muscle rupture, the 
mainstay of management for peri-MI VSR is surgical; however, 
mortality remains high in patients who have surgery. Outcomes 
with apical septal VSR are better than with inferoseptal VSR 
since the surgical technique is simpler. Endovascular devices are 
being increasingly used in this situation, especially in patients 
with significant surgical comorbidity.

Free-Wall Rupture

Cardiac rupture is a catastrophic complication of MI. Predispos-
ing factors are advanced age and female sex. Three types have 
been described from a series of 50 autopsies in 1975. Type I 
rupture occurs typically within 24 hours after MI and is charac-
terized by a slit through a normal-thickness infarct. Type II 
rupture occurs more often in posterior infarcts and is a localized 
erosion of the infarcted myocardium. Type III rupture is most 
commonly seen in anterior infarcts and occurs in severely 
expanded, thinned, and dilated infarcts. Rupture usually results 
in instantaneous death. In some patients, the rupture may be 
contained to form a pseudoaneurysm. The treatment in both 
cases is emergency cardiac surgery.
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figure 17-2 Angiographic views of the right coronary artery (RCA) and illustration of normal areas perfused by the RCA. 
AV, atrioventricular; SA, sinoatrial.
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figure 17-3 Structural relationships of the pericardium, heart, valves, and fibrous skeleton.
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It is likely that the incidence of both VSR and free-wall 
rupture decreased first with the routine use of thrombolytic 
therapy and further with the use of percutaneous coronary  
intervention (PCI) in acute MI. However, both are still seen and 
must be diagnosed and treated early for there to be any reduc-
tion in mortality from these mechanical complications of MI.

ClInICal PrESEntatIon anD 
DIagnoStIC aPProaCh

The clinical signs and symptoms of CS derive from the underly-
ing pathophysiology. Patients presenting with MI complain of 
chest pain. Recurrent chest pain may imply ongoing ischemia 
or reinfarction but may also reflect mechanical complications 
such as papillary muscle rupture, VSR, or free-wall rupture. 
Symptoms associated with ischemia include nausea, emesis, rest-
lessness, and agitation. End-organ hypoperfusion associated 
with the redistribution of blood to vital organs by means of 
selective vasoconstriction results in cool and clammy peripher-
ies. There may also be evidence of decreased urine output and 
mental status changes.

The elevated LV filling pressures give rise to pulmonary 
edema and resultant dyspnea and tachypnea with associated 
bilateral rales on physical examination. Often, the development 
of respiratory failure can be sudden and dramatic. Laboratory 
evaluation may demonstrate evidence of acute kidney and liver 
dysfunction as well as lactic acidosis.

Cardiopulmonary examination may give clues into the  
etiology of hemodynamic collapse. A diffuse point of maximal 
impulse, loud S3 gallop, and elevated jugular venous pressure 
with rales on lung examination are specific findings associated 
with underlying heart failure. A new holosystolic murmur would 
lend suspicion for mitral regurgitation (although in the acute 
setting the murmur may be difficult to detect), VSR, or RV 
failure with functional tricuspid regurgitation as a result of RV 
dilatation and volume overload. A precordial thrill may help  
to differentiate VSR. Evidence of hypotension with reduced 
pulse pressure, pulsus paradoxus, and distant heart sounds could 
indicate the presence of tamponade physiology related to free-
wall rupture.

Echocardiography is a powerful diagnostic tool in patients 
who present after MI. In CS, this imaging modality can provide 
detailed information about the etiology and supplement findings 
from the history and physical examination. The echocardiogram 
can provide information regarding the LV and RV size and 
function, as well as the presence of valvular and structural 
complications.

ManagEMEnt anD thEraPy

Optimum Treatment

The management of CS after an MI revolves around early 
reperfusion of the occluded coronary artery with a goal of  
complete revascularization in the setting of severe multivessel 
coronary artery disease. Coronary angiography followed by 
revascularization is preferred over fibrinolytic therapy (Fig. 
17-4). In the SHOCK Trial, a strategy of early revascularization 

resulted in 132 lives saved at 1 year per 1000 patients treated, 
as compared with initial medical therapy followed by no or late 
revascularization as clinically determined. The benefit was 
noted in patients younger than 75 years of age, and the survival 
benefits persisted at long-term follow-up. In the setting of 
shock, the time window for benefit with revascularization is 
greater than that established with primary reperfusion for 
STEMI. The SHOCK Trial enrolled patients within 36  
hours of their index MI, and patients throughout the time 
window benefited. Certain patients over the age of 75 years also 
seem to derive benefit from revascularization in observational 
registries when selected by experienced physicians. The modal-
ity of revascularization should be guided by the extent and 
severity of coronary artery disease. PCI with stent implantation 
should be used in patients with single-vessel and two-vessel 
disease amenable to revascularization. In addition to opening 
the infarct-related artery, multivessel PCI should strongly be 
considered for other severely stenotic lesions in the acute setting. 
Patients with severe obstruction in three coronary vessels or 
severe left main trunk stenosis may be considered for emergency 
bypass surgery, especially if PCI is not feasible.

A Swan-Ganz catheter (SGC) for hemodynamic monitoring 
is a useful tool in CS. There is no evidence for survival  
benefit in patients with an SGC when independently studied; 

figure 17-4 Acute coronary intervention.

Acute coronary intervention reduces mortality from MI, even
in critically ill patients. Continuous electrocardiographic and
hemodynamic monitoring is performed throughout the procedure,
and additional hemodynamic support (pharmacologic or with
an intra-aortic balloon pump) is available for patients with
cardiogenic shock.

In most cases, arterial
access is obtained
via the femoral artery.
Guide wires and
catheters are passed
to the coronary ostia
by a retrograde approach
up the aorta, using
fluoroscopic guidance.

Advances in
imaging
technology
(allowing the
use of less
intravenous
contrast) and
the development
of nonionic
contrast dye
have reduced
the likelihood of
contrast-induced
nephropathy
in acutely
ill patients.
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however, it is useful for diagnosis and management. When the 
cause of hypotension is unclear, the SGC can confirm the pres-
ence of reduced cardiac output with elevated intracardiac filling 
pressures distinguishing cardiogenic from alternative etiologies 
for shock. The presence of RV failure, papillary muscle rupture, 
and VSR can be further characterized by SGC hemodynamic 
patterns. In addition, the hemodynamic response to intra-aortic 
balloon pump (IABP) insertion and medication changes can be 
followed closely in real time.

The IABP is another important adjunctive measure in CS 
management (Fig. 17-5). It functions by inflating in diastole and 
deflating in systole as triggered by ECG or pressure waveform 
during the cardiac cycle. The IABP creates a vacuum effect during 
systole that reduces afterload on the left ventricle. During dias-
tole, the IABP augments diastolic blood pressure, theoretically 
increasing coronary perfusion pressure. The current American 
College of Cardiology/American Heart Association Guidelines 
support the use of IABPs as a stabilizing measure in CS.

The expression of inducible nitric oxide synthase may play 
an important role in the genesis and outcome after shock. 
However, the multicenter randomized trial testing the nitric 
oxide synthase inhibitor l-N(G)-monomethyl arginine did not 
show reduction in mortality from CS.

figure 17-5 Intra-aortic balloon counterpulsation pump.

The general approach to a patient with MI and cardiogenic 
shock is to stabilize the oxygenation, blood pressure, and rhythm 
while proceeding urgently to coronary angiography. Once the 
anatomy of the obstructive coronary artery disease is deter-
mined, the approach to revascularization can be decided. When 
cardiac catheterization is not readily accessible, fibrinolytic 
therapy may be considered for reperfusion in STEMI and early 
shock within 3 hours of initial symptom onset. The patient is 
then transferred to a center with cardiac catheterization and 
coronary care unit capabilities (Fig. 17-6).

Avoiding Treatment Errors

Patients with large infarct territories or hemodynamic instabil-
ity following an MI benefit from monitoring in an intensive care 
setting to diagnose complications and guide management. Early 
identification of mechanical complications facilitates appropri-
ate surgical intervention. Caution must be applied with rou-
tinely used medications to avoid iatrogenic shock. Patients with 
RV infarction are notoriously sensitive to reductions in preload. 
The administration of nitroglycerin in such cases may result in 
hypotension and exacerbation of ischemia. Similarly, patients 
with RV infarct may require a surprisingly high volume of fluid 
replacement (several liters) to achieve hemodynamic stability. 
Fluid replacement must be individualized in these patients, 
monitoring mean blood pressure to be certain sufficient fluid 
has been given, and carefully following the patient for evidence 
of fluid overload by physical examination and measurement of 
oxygen saturation. A patient with large infarct territory and 
severe LV dysfunction can manifest with tachycardia to main-
tain adequate cardiac output. The administration of a β-blocker 
may result in reduced cardiac output and hemodynamic collapse 
in these patients. In the COMMIT (ClOpidogrel and Metopro-
lol in Myocardial Infarction) Trial, early β-blockade in patients 
with acute MI was associated with an increase in CS. Overly 
aggressive use of angiotensin-converting enzyme inhibitors may 
also lead to iatrogenic hypotension.

futurE DIrECtIonS

Patients with persistent shock despite revascularization have a 
poor prognosis. Eligible patients may be considered for cardiac 
transplantation. Selection of patients for mechanical support in 
CS is challenging. The possibility of ventricular recovery with 
revascularization alone must be weighed against prompt estab-
lishment of adequate cardiac output to prevent end-organ dys-
function. As more data become available with LV assist devices 
and artificial heart models, it will be easier to select patients  
who would benefit from mechanical support. Smaller mechan-
ical-assist devices that can be implanted percutaneously will be 
developed. Mechanical support is most commonly used as a 
bridge to cardiac transplantation, but technologic advancements 
will allow for greater utilization for long-term support, or so-
called destination therapy. Stem cell breakthroughs may provide 
additional options to repair and regenerate myocardial tissue 
and restore cardiac function. This is being evaluated in several 
ongoing clinical trials.
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or consider multivessel PCI

figure 17-6 General approach to treatment of acute myocardial infarction (MI) and cardiogenic shock. ASA, aspirin; CABG, coronary 
artery bypass graft surgery; IABP, intra-aortic balloon counterpulsation pump; ICU, intensive care unit; LV, left 
ventricular; PCI, percutaneous coronary intervention; RV, right ventricular; VSR, ventricular septal rupture.
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Dilated Cardiomyopathy

Patricia P. Chang

T he word cardiomyopathy stems from Greek roots: kardia 
(heart), mys (muscle), and pathos (suffering). Dilated car-

diomyopathy (DCM) is the most common type of systolic heart 
failure (HF) and has multiple etiologies. Given the number of 
Americans with HF (approximately 5.3 million), the cost of their 
care (an estimated direct and indirect cost of $34.8 billion in 
2008), and the fact that more than half of these individuals have 
DCM and systolic HF, understanding the underlying causes of 
cardiomyopathy and its treatment are of great importance.

The clinical presentation of an individual with DCM is typi-
cally with symptoms and signs of HF, regardless of the etiology 
of the DCM. The prognosis for individuals with DCM has 
improved as treatment has evolved to include many medications 
as well as electrophysiology devices and surgical therapies. 
Despite medical progress, the prevalence of DCM will continue 
to grow, since this is the common final stage of many cardio-
vascular diseases. This chapter describes the causes of DCM and 
general treatment options.

Etiology anD PathogEnEsis

DCM is characterized by dilatation and impaired contraction of 
either the left ventricle or both ventricles, as a result of altered 
structure or function in diseased cardiomyocytes. Before the 
heart becomes dilated and weak, there is either an index event 
(e.g., a myocardial infarction [MI] or acute myocarditis) that 
leads to impaired ventricular contractility, or progression of 
underlying disease (e.g., severe valvular regurgitation) that leads 
to ventricular pressure overload causing systolic dysfunction. 
Because of ventricular systolic dysfunction, gradual compensa-
tory responses of the cardiomyocytes lead to cardiac remodeling 
(Fig. 18-1). Initially the cardiomyocytes respond by becoming 
hypertrophied, but the poorly functioning ventricle gradually 
dilates to handle the progressive volume overload. In most cases, 
contractility is impaired initially and primarily in the left ven-
tricle, but as systolic dysfunction progresses, the right ventricle 
also becomes enlarged and hypokinetic. Rarely, the cardiomyo-
pathic process will affect primarily the right ventricle at the 
outset of the DCM.

In DCM and other types of HF there is an imbalance between 
the activation and effects of the vasoconstrictor hormones versus 
endogenous vasodilators. The effects of the vasoconstrictor hor-
mones predominate in HF as a result of activation of the sym-
pathetic nervous system and the renin-angiotensin-aldosterone 
system (RAAS). These vasoconstrictor hormones (e.g., norepi-
nephrine, angiotensin II) worsen hemodynamics by increasing 
vascular resistance and afterload, and hence myocardial work, 
resulting in progressive ventricular remodeling through abnor-
mal cellular growth and other effects. Activation of the RAAS 
also produces salt and water retention, further elevating filling 
pressures and resulting in symptoms and signs of HF. Angio-
tensin II acts on the angiotensin II type 1 (AT1) receptor  

to cause vasoconstriction, sodium retention, and other physio-
logic effects.

In contrast, activation of the vasodilating natriuretic peptide 
system (e.g., atrial and B-type natriuretic peptides [ANPs, 
BNPs]) is beneficial in HF, resulting in vasodilation and sodium 
excretion. In decompensated HF patients, the vasodilatory 
systems are simply overwhelmed by the vasoconstricting 
neurohormones.

Interventions to prevent decompensated HF have focused on 
these neurohormonal targets in an effort to restore the balance 
of these competing systems and to reverse acute decompensated 
HF. Blocking the RAAS and sympathetic nervous system (e.g., 
by administrating angiotensin-converting enzyme [ACE] inhib-
itors and β-blockers) and augmenting the natriuretic peptide 
system (e.g., pharmacologic dosing of BNP) all have positive 
therapeutic effects in patients with DCM and systolic HF.

Of the many causes of DCM (Table 18-1), the most common 
in the United States is ischemic heart disease. After an MI, the 
infarct scar may expand to develop into a large area of nonfunc-
tioning myocardium during the first hours and days after an 
acute MI. During this time, left ventricular (LV) systolic func-
tion may be maintained by hypercontractility of the nonin-
farcted portion of the left ventricle. Longer term, over days to 
months to years, global remodeling occurs, resulting in a dilated 
and poorly contractile ventricle. In some cases, a ventricular 
aneurysm may form (Fig. 18-2). Because coronary artery disease 
(CAD) is such a frequent cause of DCM—contributing to 
approximately two thirds of all cases of HF—the nomenclature 
for DCM is often subdivided into ischemic cardiomyopathy 
(ICM) versus nonischemic cardiomyopathy. To be classified as 
an ICM, the burden of coronary disease must be in proportion 
to the systolic dysfunction. The definition of ICM is thus based 
on systolic dysfunction in patients with a history of MI, patients 
who have undergone revascularization procedures (coronary 
artery bypass surgery or percutaneous coronary intervention), 
patients with 75% or greater stenosis of the left main or proxi-
mal left anterior descending artery, and patients with 75% or 
greater stenosis of two or more epicardial vessels.

Other common etiologies for DCM are end-stage hyperten-
sive heart disease (Fig. 18-3) and valvular heart disease (“valvular 
cardiomyopathy”). Less common etiologies include cardiotoxins 
such as alcohol and anthracycline and herceptin chemothera-
pies; abnormal metabolic state or endocrinopathies such as 
thyroid disease, diabetes, acromegaly, adrenal cortical insuffi-
ciency, pheochromocytoma; autoimmune diseases such as  
connective tissue diseases (e.g., scleroderma, systemic lupus ery-
thematosus) and giant cell myocarditis; infiltrative diseases such 
as sarcoidosis, hemochromatosis, and amyloidosis; nutritional 
deficiencies; peripartum state; and familial/genetic diseases  
(e.g., muscular dystrophies, MELAS [mitochondrial myopathy, 
encephalopathy, lactic acidosis, and stroke] syndrome, and other 
recently discovered associated chromosomal abnormalities).
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Figure 18-1 Cardiac remodeling secondary to volume overload. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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table 18-1 Etiologies of and Evaluation for Dilated Cardiomyopathy

Etiology targeted Evaluation

Ischemic heart disease (coronary artery disease) Coronary angiography (gold standard), noninvasive coronary 
imaging (CT or MRI), stress test

Hypertension* Physical examination (not helpful when end-stage)
Valvular heart disease Physical examination, echocardiography, cardiac MRI
Infectious (e.g., viral; Chagas disease; Lyme disease) Coxsackie B antibody titers

Enterovirus PCR
HIV antibody
Trypanosoma cruzi antibody (IgM, IgG)
Lyme antibody

Cardiotoxins (e.g., alcohol, anthracycline; excess catecholamines; 
heavy metals—lead, arsenic, cobalt)

Cumulative dose exposure
Serum levels when available (e.g., lead)

Metabolic/endocrine (e.g., hypothyroidism, hyperthyroidism; 
diabetes mellitus; acromegaly; adrenal insufficiency; 
pheochromocytoma)

TSH
Glucose, HbA1c
Physical exam
GH, cortisol, urine metanephrines

Connective tissue disease (e.g., systemic lupus erythematosus; 
scleroderma*; dermatomyositis; polyarteritis nodosa; 
rheumatoid arthritis)

ANA ± ENA and other specific rheumatologic markers

Infiltrative (e.g., Wilson’s disease; sarcoidosis*; 
hemochromatosis*; amyloidosis*)

Free copper, ceruloplasmin
Ferritin, transferrin
SPEP, UPEP
ACE level

Metabolic/nutritional (e.g., magnesium deficiency; kwashiorkor; 
anemia; beriberi; selenium deficiency)

Serum levels where available (e.g., magnesium, selenium)
CBC, ferritin

Peripartum cardiomyopathy Temporal relationship to pregnancy
Giant cell myocarditis Endomyocardial biopsy
Muscular dystrophies (e.g., Duchenne; Becker-type; myotonic 

dystrophies)
Genetics

Familial (e.g., X-linked) Family history, genetics
Idiopathic (Diagnosis of exclusion)

ACE, angiotensin-converting enzyme; ANA, anti-nuclear antibody; CBC, complete blood count; ENA, extractable nuclear antigens;  
GH, growth hormone; HbA1c, hemoglobin A1c; Ig, immunogobulin; PCR, polymerase chain reaction; SPEP, serum protein electrophoresis;  
TSH, thyroid-stimulating hormone; UPEP, urine protein electrophoresis.

* Diseases that can belong to more than one type of cardiomyopathy (e.g., hypertrophic or restrictive).
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Figure 18-2 Dilated cardiomyopathy after myocardial infarction. ECG, electrocardiographic.
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Figure 18-3 Hypertension and cardiomyopathy.
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When the etiology is thought to be an infectious agent 
because of a viral prodrome, the specific pathogen is often not 
identified, in which case the generic term “viral myocarditis” is 
commonly used. Histologically there is usually a diffuse inflam-
matory response with lymphocytes infiltrating the myocardium 
(Fig. 18-4). Specific pathogens that have been associated with 

DCM development include viruses such as Coxsackie B virus, 
enterovirus, adenovirus, parvovirus, HIV, and cytomegalovirus; 
and parasites such as trypanosomiasis in Chagas disease (the 
most common cause of infectious cardiomyopathy in South 
America) and Lyme disease. Although no specific bacterium  
or fungus has been known to cause cardiomyopathy, acute  
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Figure 18-4 Diphtheritic and viral myocarditis.
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Figure 18-5 Left heart failure and pulmonary congestion.
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no elevation of venous pressure

Acute, severe pulmonary
congestion due to left
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ventricular systolic dysfunction has been seen in the setting  
of sepsis, presumably due to the effect of endotoxins or other 
mediators.

When no specific cause is found the DCM is described as 
“idiopathic cardiomyopathy.” This is a common designation; in 
most studies, it is second only to ischemia in the etiology of 
DCM. It is quite possible that a genetic susceptibility to envi-
ronmental factors (ranging from infectious or toxic exposures to 
factors such as hypertension, diabetes, and cigarette smoke) 
contributes to the etiology of idiopathic cardiomyopathy. Some 
authors have suggested that genetic abnormalities may be 
important in up to 30% of cases of idiopathic DCM. Some 
familial conditions that predispose to DCM have already been 
described, such as the muscular dystrophies (e.g., Duchenne, 
Becker), X-linked DCM (e.g., other dystrophin gene muta-
tions), and autosomal-dominant forms of familial DCM (e.g., 
lamin A/C gene mutation). With advances in our knowledge  

of genetics, it is anticipated that this list will grow rapidly in 
coming years.

CliniCal PrEsEntation

Patients with DCM can present with a variety of HF symptoms 
and signs. Traditionally, clinical findings can be classified as 
left-sided (Fig. 18-5) and right-sided (Fig. 18-6). Because the 
most common cause of right-sided HF is left-sided HF,  
most patients with DCM have a combination of both left- and 
right-sided findings. Decades ago the New York Heart Associa-
tion (NYHA) developed a functional classification (which was 
originally based on the left-sided symptom of dyspnea) that is 
still used.

As the DCM progresses toward end-stage disease, the  
more severe symptoms often reflect a low-output state and 
hypoperfusion with or without congestion. The Forrester  
classification, developed in 1977 to characterize the clinical  
and hemodynamic status of patients with acute MI, has been 
adopted to describe the HF patient in terms of perfusion (warm 
or cold) and congestion (dry or wet). Symptoms and signs  
of congestion (“wet”) include shortness of breath, orthopnea, 
paroxysmal nocturnal dyspnea, morning cough, peripheral 
edema, rales, ascites, hepatic congestion, and jugular venous 
distention. Hypoperfusion (“cold”) can be manifested symptom-
atically as nausea, vomiting, early satiety, altered mental status,  
acidosis, worsening renal or hepatic function, reduced capillary 
refill, cold and clammy skin, hypotension, and a narrow  
pulse pressure.
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Figure 18-6 Right-sided heart failure in a patient with dilated 
cardiomyopathy.
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An important goal is to reduce the prevalence of HF by 
prevention—particularly related to ischemia, toxin exposure, 
and other controllable etiologies. The American College of 
Cardiology (ACC) and the American Heart Association (AHA) 
published a new approach to the classification of HF that 
emphasizes its evolution and progression and defined four stages 
of HF in its first guidelines for the evaluation and management 
of chronic HF in 2001. In particular, asymptomatic patients 
were considered in Stage A HF if they have no apparent struc-
tural or functional abnormalities of the pericardium, myocar-
dium, or cardiac valves but are at high risk for developing HF 
because of the presence of conditions strongly associated with 
HF. Stage A HF patients include individuals with hypertension, 
CAD, valvular disease, diabetes mellitus, history of cardiotoxic 
drug therapy or alcohol abuse, personal history of rheumatic 
fever, or family history of cardiomyopathy. Patients with Stage 
B, C, or D all have a structural abnormality of the heart with 
varying symptomatology that correlates to NYHA classes I 
through IV (Table 18-2). Although survival from DCM has 
improved, patients with advanced HF (NYHA classes III–IV) 

table 18-2 ACC/AHA Staging of Heart Failure 
Compared to the NYHA Functional 
Classification

aCC/aha stage
nyha Functional 
Classification

A. At high risk of developing HF 
but without structural heart 
disease or symptoms of HF

None

B. With structural heart disease 
but without signs or symptoms 
of HF

I. Asymptomatic

C. With structural heart disease 
and prior or current symptoms 
of HF

II. Symptomatic with 
moderate exertion

III. Symptomatic with 
minimal exertion

D. With structural heart disease 
and refractory HF symptoms 
requiring specialized 
interventions

IV. Symptomatic at 
rest

Adapted from Farrell MH, Foody JM, Krumholz HM. JAMA 
2002;287:890–897.

ACC, American College of Cardiology; AHA, American Heart 
Association; HF, heart failure; NYHA, New York Heart Association.

still make up approximately 10% to 15% of the affected popula-
tion, half of whom have refractory HF (Stage D), where the 
prognosis is still poor.

DiFFErEntial Diagnosis

Many of the symptoms of DCM are also common to other  
end-organ diseases, such as lung disease (dyspnea), cirrhosis 
(ascites, peripheral edema), renal failure (volume overload),  
and hypothyroidism (fatigue). Physical examination and labora-
tory data can distinguish individuals with noncardiac etiologies 
from patients with DCM. A second issue concerns underdiag-
nosis of DCM. The diagnosis of DCM in young patients is often 
delayed because new-onset asthma or chronic bronchitis/pneu-
monia—either of which results in dyspnea and fatigue as the 
main presenting symptoms—are far more common than DCM. 
Similarly, low-output symptoms are sometimes unrecognized. 
Nausea and vomiting, for instance, are presumed to have a 
gastrointestinal rather than cardiac origin, and a cholecystec-
tomy for presumed symptomatic cholelithiasis may be unneces-
sarily performed. Other cardiac diagnoses mimicking DCM 
include angina, diastolic HF including hypertrophic and restric-
tive cardiomyopathies, hypertensive heart disease, and valvular 
disease without systolic dysfunction. A diagnostic algorithm is 
outlined in Fig. 18-7.

DiagnostiC aPProaCh

A complete history and physical examination is extremely 
important for the assessment of patients with DCM and HF. Of 
course the history is only helpful if the patient has symptoms, 
and the physical examination provides clues only if abnormal 
findings are present. Yet a normal history or physical examina-
tion does not necessarily mean a normal heart. Because DCM 
often has a subclinical phase, asymptomatic LV dysfunction is 



150 SECTION III • Myocardial Diseases and Cardiomyopathy

Figure 18-7 Simplified diagnostic algorithm for heart failure. Symptoms of dilated cardiomyopathy will vary widely depending on 
the patients. If both the chest x-ray and B-type natriuretic peptide (BNP) are normal, further diagnostic workup with 
cardiac imaging can still be considered based on pre-test probability of cardiac dysfunction. ECG, electrocardiogram; 
LV, left ventricular; LVEF, left ventricular ejection fraction.
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often not detected by physical examination and, instead, may be 
discovered from abnormal findings on diagnostic tests used for 
other reasons. For example, cardiomegaly on a screening chest 
x-ray or a left bundle branch pattern on ECG (or any abnor-
malities of conduction, chamber size, or ischemia) should lead 
to further cardiac evaluation.

Echocardiography is the standard noninvasive assessment of 
chamber size and cardiac function. Echocardiography is widely 
available, well tolerated, and relatively inexpensive compared 
with other modalities. More precise LV ejection fraction 
(LVEF) estimates can be obtained from nuclear ventriculogra-
phy (also known as radionuclide ventriculography or cardiac blood 
pool multigated acquisition), angiographic left ventriculography 
during coronary catheterization, and newer noninvasive modali-
ties such as cardiac MRI and cardiac CT.

Biomarkers have also been used for confirming the diagnosis 
of DCM and HF in general. Natriuretic peptides, of which the 
most well known are BNP, N-terminal proBNP (NT-proBNP), 
and ANP, are very useful. BNP and NT-proBNP are endoge-
nous natriuretic peptides that are activated in response to ven-
tricular volume and pressure expansion. ANP is activated in 
response to atrial expansion. Elevated circulating levels of these 
peptides correlate with symptoms and NYHA class. For instance, 
BNP values are higher with increasing severity and higher filling 

pressures, as well as with lower LVEF. They have also been used 
prognostically as a therapeutic guide and for risk stratification 
in terms of future HF and mortality.

The diagnostic approach to DCM should include confirma-
tion of the diagnosis through history taking, physical examina-
tion, and an assessment of heart function and estimate of LVEF 
(by echocardiography or other noninvasive technique). Deter-
mination of the etiology of DCM should prioritize diagnostic 
testing based on the type of cardiomyopathy suspected (Table 
18-3). Because ischemic heart disease is the most common cause 
of DCM and HF, the presence of significant CAD should be 
excluded as part of the evaluation for all DCM patients. Depend-
ing on the presentation, this may involve a noninvasive stress-
imaging test, noninvasive imaging of the coronary arteries (by 
CT or MRI), or both. If DCM is present and a patient has not 
undergone coronary angiography before, most experts recom-
mend proceeding with coronary angiography because (1) the 
false-negative rate of noninvasive stress-imaging studies is 10% 
to 15% under the best of circumstances, and (2) patients with 
DCM and significant CAD may benefit significantly from 
revascularization.

Some of the specific tests may only apply to certain types of 
DCM; for example, cardiac MRI may be useful only for myo-
cardial viability (ICM) or diffuse patchy defects (sarcoidosis). 
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table 18-3 Diagnostic Approach for Unexplained Cardiomyopathy

Evaluation rationale and/or Common Findings

History Past medical history Etiology
Family history Familial

Cardiac assessment Physical examination +S3, ±S4, ±murmur, left- and right-sided HF signs/
symptoms

Electrocardiography Abnormal ST and T wave, old MI
Echocardiography Dilated LV; systolic dysfunction ± diastolic dysfunction; 

valve disease
Nuclear ventriculography Dilated LV; systolic dysfunction
Stress test CAD
Coronary angiography or cardiac CT angiography CAD
Right heart catheterization ↓cardiac output, ↑ filling pressures
Cardiac MRI CAD, myocardial viability, fibrosis

Other testing Blood tests:
TSH
Glucose, HbA1c
ANA ± ENA
HIV antibody
SPEP, UPEP
Free copper, ceruloplasmin

Etiology

Serologies:
Coxsackie B antibody titers
Enterovirus PCR
Trypanosoma cruzi antibody (IgM, IgG)

Etiology

ANA, anti-nuclear antibody; CAD, coronary artery disease; CT, computed tomography; ENA, extractable nuclear antigens; HbA1c, hemoglobin 
A1c; HF, heart failure; HIV, human immunodeficiency virus; Ig, immunoglobulin; LV, left ventricle; MI, myocardial infarction; MRI, magnetic 
resonance imaging; PCR, polymerase chain reaction; SPEP, serum protein electrophoresis; TSH, thyroid-stimulating hormone; UPEP, urine 
protein electrophoresis.

Endomyocardial biopsy is now rarely performed to determine 
the etiology of the cardiomyopathy but may be very helpful  
to diagnose certain conditions in which specific therapies are 
useful, such as giant cell myocarditis or acute fulminant myo-
carditis, for which immunosuppression might be indicated. 
When the etiology of a nonischemic cardiomyopathy is uncer-
tain, blood testing should at least include thyroid-stimulating 
hormone, antinuclear antibody, serum protein electrophoresis, 
urine protein electrophoresis, HIV, ferritin, or transferrin. 
Right heart catheterization is generally not needed in the diag-
nostic workup of DCM but can be useful to distinguish between 
a high-output versus low-output state.

ManagEMEnt anD thEraPy

Specific treatment should be directed to the underlying cause 
of the DCM if a cause was identified, especially if that cause  
can be reversed. Ultimately, treatment is directed to managing 
HF symptoms and reversing the cardiac remodeling when pos-
sible. Therapy has become standardized based on numerous 
clinical trials on different therapies for systolic HF that improve 
survival and decrease morbidity. As detailed in Chapter 23  
and in practice guidelines from the ACC/AHA, the Heart 
Failure Society of America, and the European Society of  
Cardiology, standard treatment includes behavioral and lifestyle 
modifications, such as low-salt diet, fluid restriction, weight 
monitoring, and minimizing coronary risk factors; medications, 
both oral and intravenous; electrophysiologic devices, such  
as implantable cardioverter defibrillators (ICDs) and cardiac 
resynchronization therapy; and surgical therapies where 

indicated, such as revascularization, valve surgery, mechanical 
cardiac support, and cardiac transplantation.

Optimum Treatment

There are currently five accepted core performance measures 
developed by the ACC/AHA, of which the first four are widely 
used by the Joint Commission on Accreditation of Healthcare 
Organizations and the Centers for Medicare and Medicaid  
Services for assessing the quality of clinical care of HF patients. 
These are (1) evaluation of LV systolic function before arrival, 
during hospitalization, or planned after discharge; (2) adminis-
tration of an ACE inhibitor or angiotensin receptor blocker 
(ARB) to patients with LV systolic dysfunction (LVSD);  
(3) discharge instructions given to patient or caregiver address-
ing all of the following: activity level, diet, discharge medica-
tions, follow-up appointment, weight monitoring, and what to 
do if symptoms worsen; (4) adult smoking cessation advice or 
counseling; and (5) anticoagulation therapy for eligible patients 
with atrial fibrillation. Although adherence to these perfor-
mance measures seems to be related to improved quality of care, 
it is likely that over time these core measures will be revised to 
further improve the care of patients with HF. Optimum treat-
ment is considered to include optimizing evidence-based medi-
cations to at least target doses as tolerated and the appropriate 
use of the various electrophysiologic devices or surgical thera-
pies when needed.

With many medications proven to help patients with HF, the 
challenges of polypharmacy include patient compliance, cost, 
and minimizing medication-related complications. In general, 
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β-blockers and ACE inhibitors should be prescribed for all 
patients with DCM, since these classes have the greatest impact 
on survival and reversing cardiac remodeling with potential 
improvement in LVEF. ACE inhibitors have a class effect, but 
it is believed that not all β-blockers are equally effective. 
β-blockers with the most evidence for improving HF survival 
include extended-release metoprolol succinate, carvedilol, and 
bisoprolol. Doses of both ACE inhibitors and β-blockers should 
be titrated up to target doses (e.g., enalapril to 10 mg twice daily, 
metoprolol succinate to 200 mg daily). Although loop diuretics 
may not improve mortality, they are commonly needed to main-
tain euvolemia and are important in the symptomatic treatment 
of patients with HF. Interestingly, the aldosterone blockers spi-
ronolactone and eplerenone (which are considered diuretics) 
decrease HF mortality, although they result in modest, at best, 
diuresis in patients with HF. ARBs can be used as an alternative 
to an ACE inhibitor (e.g., for patients with ACE inhibitor–
related cough) or as an adjunct (e.g., for more blood pressure 
control or afterload reduction). The combination of hydralazine 
and nitrate should be considered for patients intolerant of  
an ACE inhibitor or ARB (e.g., significant renal dysfunction) or 
as adjunctive therapy for African Americans, or if congested. 
Digitalis is the only “inotrope” that is not proarrhythmic. 
Although digitalis does not reduce mortality, in one study it was 
shown to reduce the frequency of recurrent hospitalization in 
patients with decompensated HF.

Unlike most other cardiomyopathies, there is a role for elec-
trophysiology therapies in DCM when the LVEF is 35% or less 
(see also Chapter 32). Use of an ICD is indicated for primary 
and secondary prevention for both ischemic and nonischemic 
DCM. The timing of ICD insertion is different depending on 
the etiology: greater than 40 days post-MI or after revasculariza-
tion for patients with ICM, and greater than 3 months for 
patients with nonischemic DCM on optimal therapy. Because 
approximately 30% of patients with chronic HF have ventricu-
lar dyssynchrony, cardiac resynchronization therapy (CRT) 
with biventricular pacemakers can improve symptoms and 
reduce mortality in patients with NYHA class III through IV 
symptoms and a basal QRS duration greater than 120 millisec-
onds. In general, CRT should only be considered if patients 
remain symptomatic even after medical therapy has been opti-
mized. Recent evidence, for example from the Multicenter 
Automatic Defibrillator Implantation Trial (MADIT-CRT), 
has suggested a possible role for CRT in asymptomatic or mini-
mally symptomatic patients (NYHA class I-II).

Finally, various surgical therapies should be considered when 
appropriate for patients with DCM. Whether revascularization 
with coronary bypass grafting should be pursued in all DCM 
patients with multivessel coronary disease and LVEF less than 
35% is under investigation in the STICH Trial (Surgical Treat-
ment for Ischemic Heart Failure; results expected in 2010). 
Ventricular restoration (the Dor procedure) has been frequently 
used to surgically manipulate and minimize cardiac remodeling 
(also part of the STICH Trial). Since DCM causes mitral annular 
dilatation that often results in severe mitral regurgitation, mitral 
valve repair or replacement can be considered in those who 
appear particularly symptomatic from the valvular disease.

The ultimate cure of the patient with end-stage DCM  
is cardiac transplantation (Chapter 24). Over 85,000 cardiac 

transplants are performed worldwide, with about 2000 trans-
plantations per year performed in the United States. There are 
a variety of mechanical cardiac support devices that can be used 
as an alternative or bridge to transplantation. Some of these 
devices are intended to be temporary as a bridge to recovery or 
to transplantation (e.g., extracorporeal membrane oxygenation, 
intra-aortic balloon pumps). Ventricular assist devices (VADs) 
can provide prolonged support either as bridge to transplant 
(temporary) or as destination therapy (permanent) for the 
patient who is not eligible or interested in heart transplantation. 
Older generations of VADs provided pulsatile flow (volume 
displacement pumps), but newer generations provide continu-
ous flow (axial pumps).

Avoiding Treatment Errors

The patient with DCM should be carefully monitored  
with close follow-up. Patients must be monitored for medica-
tion-related complications such as hyperkalemia with ACE 
inhibitors, ARBs, and aldosterone blockers; hypokalemia with 
diuretics; hypotension with any medication that can lower blood 
pressure; or other medication-related issues. Care providers 
should ensure timely referral for specific therapies for refractory 
or Stage D HF (e.g., VAD or cardiac transplantation before a 
patient is truly end-stage). Objective assessments of advanced or 
end-stage disease should include frequent and reproducible 
noninvasive assessment of functional capacity (e.g., a 6-minute 
walk or a cardiopulmonary exercise stress test that measures 
peak exercise O2 consumption [Vo2]), or an invasive assessment 
of hemodynamics (right heart catheterization). Several prognos-
tic models have been used in patients with DCM to aid in 
making timely referrals for VAD/transplantation. The Heart 
Failure Survival Score has been used for risk stratification and 
includes ischemic etiology, resting heart rate, LVEF, mean 
blood pressure, intraventricular conduction delay, peak exercise 
Vo2, and serum sodium.

FuturE DirECtions

As medical technology continues to evolve, tools will be  
developed for both diagnostics and therapeutics for DCM. 
Genetic advances will allow easier diagnosis of otherwise unex-
plained DCM presumed to be familial. Although purely investi-
gational at this time, treatment with new drugs, stem cells, and 
total artificial hearts may provide even more hope to the end-
stage patient.  
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Hypertrophic Cardiomyopathy

Parag Kale and Richard A. Walsh

H ypertrophic cardiomyopathy (HCM) is the accepted 
term for a form of unexplained left ventricular (LV) hyper-

trophy that is attributable to mutations in genes encoding 
cardiac sarcomere proteins. Although the presentation of HCM 
within families varies in part because of the presence of known 
triggers such as hypertension, HCM is distinct from myocardial 
hypertrophy that develops solely in response to this sort of 
stimulus (Fig. 19-1). The cardinal histologic feature of HCM is 
myofibrillar disarray occupying 20% or more of at least one 
pathologic tissue block.

The annual mortality rates from HCM are approximately 
6% in patients diagnosed while children and approximately 3% 
in patients diagnosed as adults. Patients who are older at diag-
nosis are often symptomatic but, in general, demonstrate slower 
disease progression and a more favorable prognosis. However, 
the 1-year mortality rate associated with HCM dramatically 
rises in older patients presenting with New York Heart Associa-
tion (NYHA) Class III or IV congestive heart failure. Other 
adverse prognostic indicators are a history of atrial fibrillation 
or hypertension, use of digoxin and diuretics, and ECG evi-
dence of myocardial infarction (MI). Syncope and a family 
history of sudden death are most predictive of sudden death. By 
contrast, the presence or absence of LV outflow tract obstruc-
tion may not be associated with prognosis.

Etiology and PatHogEnEsis

Various terms have been used to describe the phenotype  
of HCM. These include hypertrophic obstructive cardiomyopathy, 
idiopathic hypertrophic subaortic stenosis, asymmetric septal hypertro-
phy, and muscular subaortic stenosis—all based on the misconcep-
tion that dynamic outflow tract obstruction was the key 
pathologic determinant of the hypertrophy (Fig. 19-2).

It is now accepted that despite the presence or absence of 
outflow tract obstruction, the principal abnormality is impaired 
ventricular compliance as a consequence of inappropriate myo-
cardial hypertrophy and diastolic dysfunction. The nonobstruc-
tive form of HCM accounts for approximately 75% of cases.

Epidemiology

HCM is inherited in an autosomal-dominant pattern in 50% to 
75% of cases. Its prevalence is thought to be 1 per 500 in the 
general U.S. population and higher in African American indi-
viduals. Three age peaks of presentation have been proposed: 
adolescence, the early 40s, and the early 60s. The clinical pre-
sentation of HCM (syncope, sudden cardiac death, severe 
effort-related chest discomfort, or dyspnea) tends to be most 
dramatic when HCM presents in adolescence, and more dra-
matic when the presentation is in the 40s than in the 60s. There 
is a male predominance in younger patients, whereas there may 
be an equal or higher prevalence in females in the older popula-
tion. Clinical presentation with dyspnea, atrial fibrillation, and 

hypertension is more common in elderly individuals. Echocar-
diographic differences in two series highlight ovoid LV shape 
in elderly persons as opposed to reversed septal curvature with 
a crescent-shaped cavity in persons 40 years or younger. Poste-
rior septal movement, as opposed to systolic anterior motion of 
the mitral valve, may contribute to higher outflow velocities in 
elderly individuals. ECG findings of Q waves in the anterior and 
lateral leads are often seen in the younger group. The genetic 
basis for HCM is addressed in Chapter 72, Genetics in Cardio-
vascular Disease.

CliniCal PrEsEntation

Some patients with HCM are asymptomatic, and the diagnosis 
is made after an episode of sudden cardiac arrest. The most 
common initial symptoms are dyspnea, chest pain, and syncope. 
Dyspnea is usually exertional and is reported in more than 90% 
of patients with HCM. Angina occurs in 75% of patients, and 
MI has been documented in 15% of cases at autopsy. Syncope 
occurs in approximately 50% of patients. There is no relation 
between the outflow tract gradient severity and syncopal symp-
toms except in some circumstances (atrial fibrillation in patients 
with a significant outflow gradient, see discussion below), sug-
gesting that the most common etiology of syncope in HCM is 
arrhythmic.

Clinical Syndromes/Variants

Apical hypertrophy is a rare manifestation of HCM, usually 
presenting in a more benign fashion. The diagnosis is often 
suggested by very characteristic ECG findings; typically the 
ECG shows giant negative T waves in the precordial leads.  
The configuration of the left ventricle is different from that of 
the usual form of HCM. In patients with apical hypertrophy, an 
end-diastolic left ventriculogram in the right anterior oblique 
projection has a characteristic “spadelike” appearance, so called 
because the LV cavity in this projection resembled the spade in 
a deck of playing cards. Patients with Costello’s syndrome have 
HCM and mental and growth retardation, possibly related to 
advanced parental age and autosomal-dominant inheritance. 
Distinctive craniofacial findings, resembling those of lysosomal 
storage disorders, are also present. Other features of this syn-
drome include acanthosis nigricans, verrucous papillomata of 
the nose, hyperextensibility of the digits, and soft skin with 
excess wrinkling over the dorsum of the hands and deep creases 
on the palms and soles.

diffErEntial diagnosis

LV hypertrophy (mimicking HCM) may also be present in 
patients with long-standing systemic hypertension (Fig. 19-3), 
outflow obstruction secondary to valvular heart disease (e.g., 
aortic stenosis or coarctation of the aorta), and infiltrative 
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figure 19-1 Left ventricular hypertrophy in hypertension.
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figure 19-2 Anomalies of the left ventricular outflow tract that can mimic valvular aortic stenosis.
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figure 19-3 Left ventricular concentric hypertrophy. LA, 
left atrium; LV, left ventricle; RA, right atrium;  
RV, right ventricle.
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disorders of the myocardium. At times, distinguishing these 
conditions from HCM clinically, or even by echocardiography, 
can be very difficult. Tips for making this diagnostic distinction 
include the following: (1) in patients with aortic stenosis the 
gradient is fixed, unlike in patients with HCM in whom the 
gradient is dynamic and may fluctuate with each heartbeat;  
and (2) the pattern of hypertrophy seen in patients with hyper-
tension is concentric as opposed to the pattern seen in patients 
with HCM, which is often distinctive, as described later in  
this chapter.

diagnostiC aPProaCH

Physical Examination

The carotid impulse of the patient with the obstructive form  
of HCM is rapid in upstroke, bifid, and followed by a prominent 
dicrotic notch. This “spike-and-dome” pulse pattern is caused 
by rapid ventricular emptying secondary to increased LV 

contractility, followed by abrupt flow reduction secondary to 
systolic anterior motion of the mitral valve, causing partial 
occlusion of the outflow tract. The jugular venous pulse in sinus 
rhythm is characterized by prominent a waves. The outflow 
murmur characteristically is systolic and heard best along the 
left sternal border without radiation to the carotid arteries. 
Because the outflow tract gradient is dynamic, the murmur can 
be altered by various physical and pharmacologic maneuvers 
(see Chapter 1). It increases with amyl nitrate, Valsalva maneu-
vers, and upright posture, and decreases with administration of 
phenylephrine, squatting, and isometric handgrip.

Mitral regurgitation occurs in almost all patients with 
obstructive HCM. The systolic anterior motion of the mitral 
valve that is common in HCM results in incomplete coaptation 
of the mitral valve leaflets and resulting valvular regurgitation. 
There is also a direct relation between the LV outflow pressure 
gradient and the severity of mitral regurgitation. Mitral regur-
gitation in nonobstructive HCM is usually mild and occurs in 
approximately 30% of patients.

Atrial fibrillation is the most common arrhythmia seen with 
HCM. Paroxysmal and then persistent atrial fibrillation occurs 
in at least 20% of patients. Its incidence increases with age. 
Sequelae commonly associated with atrial fibrillation include 
embolic phenomena and precipitation of heart failure. The 
latter is especially true when onset is before 50 years of age in 
patients with obstructive HCM. Patients with HCM may also 
experience syncope or presyncope with the onset of rapid atrial 
fibrillation.

Heart failure symptoms can mainly be attributed to diastolic 
LV dysfunction because of impaired and asynchronous LV 
relaxation and increased wall stiffness. Other contributory 
factors are outflow obstruction, atrial fibrillation, and myocar-
dial ischemia. LV systolic function may deteriorate in patients 
with end-stage HCM, leading to severe symptoms of heart 
failure.

Electrocardiography

The most common abnormalities seen in patients with HCM 
are ST-segment and T-wave abnormalities. LV hypertrophy is 
also common, with QRS complexes usually tallest in the mid-
precordial leads.

Echocardiography

Now accepted as the imaging study of choice, echocardiography 
is generally used to confirm the diagnosis of HCM. Various 
patterns of LV hypertrophy have been identified. Concentric 
hypertrophy occurs because of left ventricle pressure overload, 
as in patients with aortic stenosis. Eccentric hypertrophy usually 
is a result of left ventricle volume overload, as in mitral or aortic 
regurgitation (see Fig. 19-3). Septal thickening at least 1.5 times 
the posterior wall thickness in diastole is a diagnostic criterion 
for HCM. A “ground-glass” or “speckled” appearance may be 
seen in portions of the hypertrophied myocardium, but such a 
pattern is often absent in confirmed cases of HCM. Anteriorly, 
the outflow tract of the left ventricle is constituted by the septum 
and, posteriorly, by the mitral valve anterior leaflet. The leaflets 
may be enlarged and produce a pressure gradient secondary to 
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figure 19-4 Diagnostic algorithm for suspected hypertrophic cardiomyopathy (HCM). ICD, implantable cardioverter defibrillator; 
LV, left ventricular; LVH, LV hypertrophy; LVOT, LV outflow tract; SAM, systolic anterior motion; SCD, sudden  
cardiac death.
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abnormal systolic anterior motion of the anterior leaflet. Mitral 
regurgitation is usually noted in association with the outflow 
gradient. Although for many years echocardiography has been 
considered the “gold standard” for diagnosis of HCM, the wide 
variance of echocardiographic findings in individuals with iden-
tical mutations (see Chapter 72) has led some experts to rely on 
genetic, echocardiographic and other imaging data when evalu-
ating individuals with suspected HCM (Fig. 19-4).

Cardiac Catheterization

Characteristic hemodynamic findings have been described in 
HCM patients with resting or provocable outflow tract gradi-
ents and augmented LV systolic contraction. A decrease in  
the aortic pulse pressure is often noted in the postpremature 
ventricular contraction beat (Braunwald sign).

Exercise and HCM

Although the most common cause of death in athletes is trauma, 
cardiovascular conditions rank second, and HCM constitutes 
80% of this subset (see Chapter 69). HCM gained widespread 
public recognition after postmortem diagnosis in a number of 
high-profile athletes who died suddenly while engaged in 

competitive sports. Most athletes with HCM are asymptomatic 
and therefore difficult to diagnose without imaging studies. 
Although expert opinion varies somewhat, in general, an indi-
vidual with typical HCM should not engage in competitive 
sports.

Athletes with a genetic predisposition should undergo serial 
echocardiography every 12 to 18 months until age 18, because 
phenotypic expression may not occur until later in adolescence 
or in adult life when physical maturation is complete. There is 
no evidence to justify routinely precluding genotype-positive/
phenotype-negative individuals of any age from most activities 
or employment.

ManagEMEnt and tHEraPy

Optimum Treatment

MEDICAL MANAgEMENT

Conventional therapy focuses on management of symptoms 
with use of negatively inotropic drugs, such as β-blockers and 
verapamil, with the idea that this approach will improve diastolic 
function in HCM. Generally, treatment results in a reduction 
of exertional symptoms. Initial treatment considerations are 
usually independent of the presence of a gradient.
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β-blockers are usually the first-choice drug class and have a 
salutary effect on symptoms. Verapamil may be considered 
when β-blockers are ineffective or not tolerated. Disopyramide 
may be effective in decreasing outflow gradient and in improv-
ing symptoms and exercise tolerance and also may provide some 
protection against atrial fibrillation in HCM patients.

IMPLANTAbLE CARDIOVERTER DEfIbRILLATOR THERAPy

The implantable cardioverter defibrillator (ICD) can be highly 
effective in the prevention of sudden death and therefore pro-
longs the survival of the high-risk patient with HCM (Box 19-1). 
Sudden cardiac death or aborted cardiac arrests may occur  
in patients who have little functional impairment. Marked  
LV hypertrophy alone may not justify prophylactic ICD use. 
However, marked LV hypertrophy plus an additional risk factor 
(e.g., family history of sudden death, syncope, chest pain, non-
sustained ventricular tachycardia, failure of systolic blood pres-
sure [SBP] to increase with exercise) identifies a higher risk 
subset that should be considered for prophylactic implantation 
of an ICD.

SuRgICAL THERAPy

Subaortic ventricular myotomy was first performed on two 
patients in 1961, with subsequent reduction in outflow tract 
gradient and clinical improvement. In the ensuing decades, the 
popularity of surgical treatment for HCM has varied. In general, 
surgery is only considered when debilitating symptoms persist 
despite maximal pharmacologic therapy. Myocardium from the 
proximal septum just beyond the mitral leaflets is resected to 
reduce the outflow gradient. This operation has many advan-
tages: low mortality rate (<2%), reduced symptoms, improved 
functional capacity, and durable results; symptomatic improve-
ment persists for 5 or more years after surgery in 70% of 
patients. An alternative to surgical myomectomy is alcohol abla-
tion of the septum (see below). Though not widely available, 
this procedure is available at several centers in the United States 
and Europe as an alternative to open-chest surgery. If there is 
a need for mitral valve repair/replacement in addition to septal 
myomectomy, alcohol ablation is contraindicated.

Heart Transplantation

Heart transplantation is an option for end-stage HCM patients 
with deterioration in LV systolic function who exhibit debilitat-
ing symptoms and in whom heart failure develops. Patients with 
nonobstructive HCM whose symptoms are refractory to phar-
macologic therapy are also candidates for transplantation.

Avoiding Treatment Errors

Certain classes of drugs should be avoided in patients with 
HCM. These include nitrates and other direct-acting 
vasodilators.

Other Treatment Considerations

TREATMENT Of ERECTILE DySfuNCTION IN  
PATIENTS WITH HCM

Sildenafil citrate and other members of this drug family are 
commonly used in the treatment of erectile dysfunction. There 
is very little information regarding its safety in patients with 
HCM. Two case reports indicate potential negative effects of 
the use of sildenafil in these patients. One adverse effect that 
can occur with administration of sildenafil in patients with 
HCM is atrial fibrillation, possibly caused by drug-induced arte-
rial vasodilatation producing an increased gradient across the 
LV outflow tract, with a resultant acute increase in LV end-
diastolic pressure and left atrial hypertension. Another report 
was of decreased SBP after administration of sildenafil, possibly 
due to a marked reduction in LV dimensions, associated with 
increases in the ejection fraction and subaortic gradient.

PERMANENT PACINg

The enthusiasm for permanent pacing in all patients with  
HCM (to reduce LV outflow tract obstruction) has diminished 
over recent years. The decreased outflow obstruction and reduc-
tion in gradient after right ventricular (RV) pacing is compli-
cated by significant decreases in stroke volume and aortic 
pressure. Synchronized atrial and RV apical stimulation reduced 
subaortic gradients substantially (by 43% in one study) without 
altering aortic pressure or cardiac output. An optimum atrio-
ventricular (AV) interval during dual-chamber pacing can be 
determined by maintenance of early RV apical activation and 
optimal LV filling pressures. In some patients this approach has 
proven useful. Pacing has not been shown to affect mortality 
rates in patients who are at various levels of risk for sudden 
arrhythmic death. There may be a substantial placebo effect, 
because there is poor correlation between reduction in outflow 
tract gradients and symptoms. Therefore, permanent pacing 
should still be considered a viable alternative for the elderly 
individual subgroup as an alternative to surgical or ablative 
approaches. In this and other settings, permanent pacing may 
offer benefit to some patients.

ALCOHOL AbLATION Of THE SEPTuM

In this procedure, approximately 1 to 4 mL of absolute alcohol 
is injected selectively into the septal perforator branch of the 

Box 19-1 Predictors of the High-Risk Subgroup 
of HCM

• Prior cardiac arrest
• Sustained ventricular tachycardia
• family history of sudden or premature HCM-related 

death
• Nonsustained ventricular tachycardia found on 

surveillance Holter monitoring
• Syncope-presyncope thought not to be 

neurocardiogenic in origin
• LV outflow gradient ≥ 50 mm Hg
• Substantial LVH (wall thickness ≥ 20 mm)
• Left atrial enlargement (>45 mm)
• Hypotensive bP response to exercise

bP, blood pressure; HCM, hypertrophic cardiomyopathy; LV, left 
ventricular; LVH, left ventricular hypertrophy.
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after surgery, with 92% of the patients reporting an improvement in quality 
of life and NYHA class.
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The article highlights the differences in HCM diagnosed in the older population 
with certain genetic mutations, such as in the gene that encodes cardiac myosin-
binding protein C (a less crucial protein in force development), which are 
phenotypically expressed beyond the 40s and are associated with a more benign 
clinical course. The elderly patients, while more symptomatic as compared with 
younger patients with HCM, tend to have a slower progression of the disease 
and a more favorable prognosis with 1- and 5-year survival rates of 95% and 
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left anterior descending artery via a percutaneous catheter. The 
resultant MI reduces the thickness of the proximal septum. 
Thus, the outflow tract dimension is increased and the gradient 
is reduced. Although considered an alternative to surgery, this 
procedure is associated with complications such as high-grade 
AV block, coronary dissection, and anterior wall MI.

Additionally, the resultant scar is a substrate for potentially 
lethal ventricular tachyarrhythmia, and no randomized con-
trolled studies have rigorously evaluated the benefit of this pro-
cedure. Therefore, surgery, which has equivalent morbidity and 
mortality rates, remains the gold standard. The results of 
ongoing trials of septal ablation will clarify the role of this 
approach in the treatment of patients with HCM.

futurE dirECtions

None of the existing pharmacologic therapies for HCM induces 
a regression of hypertrophy and fibrosis or reduces mortality 
rate. Interestingly, simvastatin induces regression of cardiac 
hypertrophy and fibrosis as well as improves LV filling pressures 
in a transgenic rabbit model. A clinical trial is needed to study 
the benefit of statins and other pharmacologic approaches in 
humans with HCM.

With the rapid growth of molecular genetics, new genetic 
forms are increasingly being identified. Genetic testing may 
provide insight into better risk stratification and identification 
of individuals with HCM or their family members, who are at 
risk for sudden death.

Newer devices with combined functions of dual-chamber 
pacing, antitachycardia overdrive pacing, defibrillation, and 
event recording are likely to have important roles in alleviating 
symptoms, preventing sudden death, and providing information 
about the causes of sudden death in patients with HCM.
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Outlines the recommendations of the 36th Bethesda Conference and compares  
them with the European Society Consensus Recommendations. While the patients 
with HCM remain excluded from most competitive sports, their gene-positive/
phenotype-negative relatives are also restricted by the European guidelines but not 
by the Bethesda Conference.
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Restrictive Cardiomyopathy

Thomas M. Bashore

C ardiomyopathies are generally classified into three forms: 
dilated, hypertrophic, and restrictive. The restrictive form 

is the least common endomyocardial disease and is characterized 
by variable degrees of diastolic dysfunction out of proportion  
to systolic dysfunction. Clinically, restrictive cardiomyopathy  
is often and easily confused with constrictive pericarditis. Dif-
ferentiating between them is a challenge but very important 
because of the implications for prognosis and treatment. Restric-
tive cardiomyopathy and constrictive pericarditis can both be 
present in the same patient, further complicating the diagnosis 
and therapeutic decision making. Because constrictive pericar-
ditis is eminently more treatable than restrictive cardiomyopa-
thy, the distinction is critical.

Restrictive cardiomyopathy was originally described in 1961 
as constrictive cardiomyopathy. This was later changed to the more 
accurate term, restrictive cardiomyopathy, which describes a stiff 
myocardium usually resulting from an infiltrative process. Dia-
stolic heart failure is now recognized to be a common process, 
often affecting the elderly and those with hypertension and 
increased systemic arterial stiffness. Although the etiology for 
diastolic dysfunction is restrictive cardiomyopathy in some 
patients, more commonly diastolic dysfunction and diastolic 
heart failure arise from other causes.

Etiology and PathogEnEsis

A variety of disease states produce the clinical manifestation of 
a restrictive cardiomyopathic process (Box 20-1). Myocardial 
fibrosis, myocardial infiltration by specific proteins, endomyo-
cardial scarring, and cardiac muscle hypertrophy all may present 
as diastolic dysfunction.

Noninfiltrative Causes

Idiopathic restrictive cardiomyopathy is associated with patchy 
endomyocardial fibrosis, increased cardiac mass, and enlarged 
atria (Fig. 20-1). It is more common in older adults but may be 
seen in children. In adults, 5-year survival is approximately 64%, 
but mortality may be higher in children. Occasionally, the car-
diomyopathy is accompanied by skeletal muscle myopathy, and 
in some patients with restrictive cardiomyopathy, a clear familial 
component is present. Idiopathic restrictive cardiomyopathy is 
also found in families with no skeletal muscle involvement, 
however, and as an autosomal-dominant disorder in patients 
with Noonan’s syndrome. Conduction system disease such as 
atrioventricular (AV) block may also be present and in some 
cases precedes clinical myocardial dysfunction.

Infiltrative Causes

Clinically, the most common variety of restrictive cardiomyopa-
thy is from amyloidosis, the deposition of unique, twisted, 
β-pleated sheets of fibrils formed by various proteins (Fig. 20-1, 

middle). Cardiac amyloidosis can be present in several different 
circumstances. Primary amyloidosis is caused by deposition  
of an amyloid protein composed of portions of an immuno-
globulin light chain (designated AL for light chain–associated 
amyloidosis) produced by a monoclonal population of plasma 
cells. Primary amyloidosis can be the consequence of multiple 
myeloma but it is also found in patients without multiple 
myeloma. Secondary amyloidosis, sometimes called reactive sys-
temic disease, is caused by the production of a nonimmunoglobu-
lin protein and termed AA (for amyloid-associated). Familial 
amyloidosis is an inherited autosomal-dominant trait resulting 
from a variant prealbumin protein, transthyretin. More than 80 
point mutations have been described, and familial amyloidosis 
may present as a cardiomyopathy, a progressive neuropathy, or 
a nephropathy. It is four times more common in blacks than in 
whites. In some cases, the heart is the only affected organ. Senile 
systemic amyloidosis is produced by an atrial natriuretic-like 
protein or transthyretin. Its frequency increases with age. Scat-
tered amyloid deposits in the aorta or the atria are almost uni-
versally found in individuals older than 80 years, whereas only 
a small minority of the elderly has evidence of restrictive car-
diomyopathy due to amyloidosis.

Regardless of the specific etiology, the overall size of the left 
ventricular (LV) chamber is normal or small, and at least early 
in the disease, systolic function is preserved even in individuals 
with very significant diastolic dysfunction. The greater the myo-
cardial thickness, the more amyloid present and the worse the 
prognosis.

In amyloidosis secondary to immunocyte dyscrasias, cardiac 
involvement is common and the most frequent cause of death. In 
amyloidosis secondary to other diseases, cardiac involvement is 
much less common, often only manifesting as smaller perivascu-
lar deposits that do not cause diastolic dysfunction. About one in 
four individuals with familial amyloidosis has overt cardiac 
involvement, and even in these individuals, neurologic and renal 
dysfunction often dominate the clinical picture. Senile amyloi-
dosis is rarely responsible for clinical cardiac dysfunction.

Symptomatically, patients with cardiac amyloid present with 
severe diastolic dysfunction and predominantly right-sided 
heart failure. Late in the course there may be progressive loss 
of LV systolic function and pulmonary congestion. Amyloid 
deposits in the atria are demonstrated by a markedly thickened 
interatrial septum and loss of atrial function. Most patients also 
experience arrhythmias and conduction system disease. Periph-
eral neuropathy is common, and orthostatic hypotension may 
be a major feature. Orthostasis is worsened by amyloid involve-
ment in the adrenals and nephrotic syndrome due to renal 
involvement. Syncope is a common and ominous symptom.

Sarcoidosis is a granulomatous disease of unknown cause 
(Fig. 20-1, lower). Of the multiple organ systems commonly 
involved, including the heart, the most important is usually  
the lungs, where this involvement manifests as diffuse scarring, 
pulmonary hypertension, and cor pulmonale. Myocardial 
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Box 20-1 Classification of Restrictive 
Cardiomyopathy

Common

Noninfiltrative
Idiopathic restrictive cardiomyopathy

Infiltrative
Amyloidosis
Sarcoidosis

Endomyocardial
Endomyocardial fibrosis
Radiation fibrosis
Anthracycline toxicity

Uncommon

Noninfiltrative
Familial cardiomyopathy
Hypertrophic cardiomyopathy
Scleroderma
Pseudoxanthoma elasticum
Diabetic cardiomyopathy

Infiltrative
Gaucher’s disease
Hurler’s syndrome
Fatty infiltration

Storage diseases
Hemochromatosis
Fabry’s disease
Glycogen storage disease

Endomyocardial
Hypereosinophilic syndrome
Carcinoid heart disease
Metastatic cancers
Ventricular noncompaction
Drug-induced fibrosis (serotonin, methysergide, 

ergotamine, mercurial agents, busulfan, toxic effect of 
anthracyclines)

With permission, modified from Kushwaha SS, Fallon JT, Fuster V. 
Restrictive cardiomyopathy. N Engl J Med. 1997;336:267–276. 
(Copyright Massachusetts Medical Society. All rights reserved.)

Figure 20-1 Idiopathic and infiltrative causes of restrictive 
cardiomyopathy.

Idiopathic restrictive
cardiomyopathy characterized
by patchy endocardial fibrosis,
increased cardiac mass, and 
atrial enlargement; may exhibit
familial component and distal
skeletal muscle myopathy

Amyloidosis is the most common form of restrictive cardiomyopathy. 
Characterized by deposition of amyloid protein throughout the
myocardium, causing thickening and diastolic dysfunction

Granuloma with giant cell in
heart wall

Sarcoidosis exhibits myocardial involvement in a small percentage 
of patients with the systemic disease. Granulomas in myocardium lead
to diastolic dysfunction, congestive heart failure, heart block, 
ventricular arrhythmias, and sudden cardiac death.

Idiopathic cardiomyopathy

Amyloidosis

Sarcoidosis

“Notching” 
of  right apex

Atrial enlargement
Patchy endocardial 
fibrosis

Thickened myocardium

Scattered sarcoid granulomas
in myocardium

Perivascular amyloid deposits in
myocardium (�40)

Focal deposition of amyloid around 
muscle cells of heart with dead
myocardial fibers

involvement causes a restrictive or a dilated cardiomyopathy in 
less than 5% of systemic sarcoidosis patients. More commonly, 
focal involvement may result in heart block, congestive failure, 
ventricular arrhythmias, or sudden cardiac death. The noncase-
ating granulomas have a propensity for involving the interven-
tricular septum (hence the high incidence of heart block) and 
the LV free wall. The scattered nature of granulomas contrib-
utes to the failure of right ventricular (RV) biopsies to detect 
the disease in about half the patients. MRI is much more sensi-
tive for detection of cardiac involvement in patients with known 
sarcoidosis.

Clinically, patients with sarcoidosis generally present with 
syncope from conduction system disease or cor pulmonale from 
both the pulmonary manifestations and cardiac involvement. 
Myocardial involvement may be gradually progressive, although 
it can be fulminant and lead rapidly to death.

Endomyocardial Causes

Endomyocardial fibrosis (sometimes called Becker’s disease) 
occurs most commonly in Africa, especially in Uganda and 
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Nigeria (Fig. 20-2, left). In equatorial Africa, it is responsible 
for 10% to 20% of deaths from heart disease. Pericardial effu-
sions are common and may be large. Fibrous endocardial lesions 
are frequently noted in the ventricular inflow tracts and often 
involve the AV valves, resulting in valvular regurgitation. The 
involved myocardium demonstrates a thick layer of collagen 
tissue overlying a layer of loosely arranged connective tissue. 
Fibrous and granulomatous tissue may extend into the myocar-
dium. Either or both ventricles may be involved, and when the 
disease process is extensive, papillary muscles and chordae may 
be matted with a mass of thrombus and tissue, filling the cavity. 
Clinical manifestations depend on the extent of involvement of 
the right ventricle, the left ventricle, or both. Eosinophilic 
endocarditis (Löffler’s endocarditis) is probably an earlier mani-
festation of this same process (Fig. 20-2, lower). Both diseases 
are associated with eosinophilia. Epidemiologic evidence sug-
gests that Löffler’s endocarditis is related to worm (helminth) 
infestation. It is thought that it is during the initial (necrotic) 
phase of hypereosinophilia that myocardial damage occurs.  
This is then followed after a year or more by a thrombotic phase 
and finally a fibrotic, restrictive phase. Clinically, the initial 
phase is characterized by fever, weight loss, rash, and congestive 
heart failure (CHF). Localized thickening of the posterolateral 
LV wall and limited mitral valve movement may be noted.  
In some instances, the LV apex is virtually obliterated by 

Figure 20-2 Endomyocardial causes of restrictive cardiomyopathy. AV, atrioventricular.
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brain, kidney); enlarged 
heart with episodic failure 
(enlarged liver, ascites, 
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Endomyocardial fibrosis (Becker’s
disease) occurs most commonly
in Africa. Pericardial effusions
are common. Fibrous endocardial
lesions often involve AV valves. 
Myocardium shows a thick layer
of collagen over loose connective
tissue. Mural thrombi are common.

Hyalinized polypoid protrusion
into lumen of subendocardial vein

Verrucous lesions on thickened, 
edematous endocardium
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vessels of brain, kidney, and other
organs.
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Löffler’s endocarditis (eosinophilic
endocarditis) likely a manifestation 
of same condition as Becker’s
disease; both may be associated
with eosinophilia and may be
associated with a helminthic
infestation.       
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thrombus. Later, a restrictive pattern with AV regurgitation 
dominates the hemodynamics, and pericardial effusions, some-
times quite large, are seen.

Patients with Churg-Strauss syndrome (asthma, eosinophilia, 
neuropathy, pulmonary infiltrates, paranasal sinus abnormali-
ties, and/or extravascular eosinophils) may also develop endo-
myocardial fibrosis. The intracytoplasmic granular content of 
activated eosinophils may be toxic to the myocardial and endo-
thelial cells, resulting in the damage observed.

Prior radiation therapy is an important cause of restrictive 
cardiomyopathy. It is believed that radiation may cause long-
lasting injury to the capillary endothelial cells, leading to cell 
death, capillary rupture, and microthrombi. Cardiac complica-
tions usually occur many years after the initial insult and can 
vary widely, with constrictive pericarditis a more common mani-
festation than restrictive cardiomyopathy. Pericarditis with effu-
sion, coronary artery fibrosis (especially ostial) with myocardial 
infarction, valvular stenosis or regurgitation, conduction system 
disease, and myocardial fibrosis may result from excessive radia-
tion exposure. The severity of cardiac involvement is propor-
tional to the radiation dose (more common at doses greater than 
45 Gy) and to the mass of myocardium exposed. Cardiac radia-
tion exposure is most common following therapy for Hodgkin’s 
disease or breast cancer and, despite attempts to shield the heart 
from radiation, is still a concern. Additionally, although damage 
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to the myocardium from chemotherapy (which many of these 
same patients receive) ultimately causes systolic dysfunction, 
diastolic dysfunction can be present. Separating the effects  
of radiation from the consequences of chemotherapy is not 
always possible.

The most common cardiotoxic chemotherapeutic agents are 
the anthracyclines. After anthracycline exposure, cardiac toxicity 
usually is delayed and results in a dilated cardiomyopathy. Early 
manifestations of primarily diastolic dysfunction may herald the 
cardiotoxicity. There is a nonlinear increase in cardiotoxicity as 
the cumulative dose increases, with a 7% incidence with doxo-
rubicin doses over 550 mg/m2. Cytotoxicity from anthracylines 
seems to be due to the inhibition of an enzyme necessary for 
DNA repair and to generation of free radicals that damage cell 
membranes, in part by lipid peroxidation. The heart may not 
detoxify the free radicals because only a small amount of cata-
lase, needed to convert hydrogen peroxide to water, is present. 
The anthracyclines also chelate iron and generate tissue- 
damaging hydroxyl radicals locally. Therefore, dexrazoxane, a 
drug that hydrolyzes to form a carboxylamine capable of remov-
ing the iron from the anthracycline-iron complex, is often used 
as a cardioprotectant in patients receiving anthracyclines. Other 
toxic drugs that have been implicated in the development of 
myocardial fibrosis include methysergide, ergotamine, mercu-
rial agents, and busulfan.

Other Causes

Less common causes of restrictive cardiomyopathy include 
certain inherited diseases. The most prominent is Fabry’s 
disease, an X-linked recessive disorder caused by deficiency of 
the lysosomal enzyme α-galactosidase. The accumulation of 
lysosomal glycolipids in cardiac tissue results in a severe restric-
tive cardiomyopathy. Some patients with Fabry’s disease also 
have involvement of the cardiac valves, the skin, the kidneys, 
and the lungs.

Hypertrophic cardiomyopathy can present in a similar 
manner as a restrictive cardiomyopathy. Many mutations  
in sarcomeric proteins have been identified in genetic studies of 
hypertrophic cardiomyopathy (see Chapter 19), and there is 
variability in the degree of diastolic dysfunction depending  
on both the genotype as well as concomitant diseases (hyper-
tension, diabetes). Generally, it is not difficult to distinguish  
hypertrophic cardiomyopathy from other causes of restrictive 
cardiomyopathy.

Other inherited diseases are rare and, hence, less commonly 
a cause of restrictive cardiomyopathy. In Gaucher’s disease 
(characterized by a deficiency of the enzyme β-glucosidase, with 
accumulation of cerebrosides in various organs), there may be 
both myocardial dysfunction and hemorrhagic pericardial effu-
sion. In Hurler’s syndrome, a deposition of mucopolysaccharide 
in the myocardium can cause a restrictive process. The cardiac 
valves and the coronary arteries may also be involved. Hemo-
chromatosis, arising from inherited (autosomal-recessive) or 
acquired etiologies, is characterized by iron deposition in many 
organs, including the heart. Myocardial damage may result from 
direct tissue damage by the free-iron moiety, not from the 
infiltration of iron. Many reports have described massive tra-
beculations in the left ventricle toward the apex with large sinus 

recesses between the trabeculae—a pattern that defines ven-
tricular noncompaction. Noncompaction is a genetic disorder 
that may present with any or all of the features of a restrictive 
cardiomyopathy. Cardiac MRI is usually definitive.

Carcinoid heart disease primarily affects the right heart and 
is characterized by fibrous plaque that virtually coats the tricus-
pid and pulmonic valves and the RV endocardium. Valvular 
stenosis and regurgitation result, and RV dysfunction is common. 
The cardiac involvement in patients with carcinoid correlates 
with serotonin concentrations.

CliniCal PREsEntation

In addition to some of the unique clinical presentations described 
earlier, as a general rule, patients with restrictive cardiomyopa-
thy present with congestion and low-output symptoms. Dyspnea, 
paroxysmal nocturnal dyspnea, orthopnea, peripheral edema, 
ascites, and overall fatigue and weakness are common. Angina 
can be a presenting symptom if coronary arteries are involved. 
Atrial fibrillation is common, and heart block is a particularly 
common occurrence in patients with amyloidosis or sarcoidosis. 
Up to one third of patients may present with thromboembolic 
complications. Unlike in a dilated cardiomyopathy, right-sided 
heart failure is often more prominent than left-sided heart 
failure early in the course of restrictive cardiomyopathy.

diFFEREntial diagnosis

Most patients present with right heart failure out of proportion 
to left heart failure and have normal or near-normal cardiac  
size on examination and chest x-ray. Though not specific for 
restrictive cardiomyopathy, this constellation of symptoms, 
signs, and findings should always raise the possibility of restric-
tive cardiomyopathy. The differential diagnosis of restrictive 
cardiomyopathy includes several cardiac causes: constrictive 
pericarditis, chronic RV infarction, RV dysfunction from RV 
pressure or (less likely) RV volume overload, intrinsic RV myo-
cardial disease, or tricuspid valve disease. Additionally, discern-
ing restrictive cardiomyopathy from primary hepatic causes, 
including cirrhosis, can be challenging, since both can present 
with evidence of right heart failure, ascites, and marked hepatic 
dysfunction. Upon further evaluation, however, the results of 
the examination and echocardiography usually narrow the dif-
ferential diagnosis to restrictive cardiomyopathy and constric-
tive pericarditis. These two entities affect hemodynamics in a 
subtly different manner, and distinguishing the two can be chal-
lenging but is extremely important given the prognosis and 
treatment options.

Normal Hemodynamics

Intracardiac pressures are a reflection of the contraction and 
relaxation of individual cardiac structures and the changes 
imparted to them by the pleural and pericardial pressures (Fig. 
20-3). Changes in either pleural or pericardial pressure can be 
reflected in the intracardiac pressure. With inspiration, the 
intrapleural pressures drop and the abdominal cavity pressure 
increases. Blood flow through the right side of the heart 
increases, whereas blood return to the left side of the heart 
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Figure 20-3 Normal cardiac blood flow during inspiration and expiration. LA, left atrium; LV, left ventricle/ventricular; RA, right 
atrium; RV, right ventricle/ventricular.
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On inspiration, intrapleural pressure drops and abdominal pressure
increases with increased blood flow through the right heart and slight
decrease in flow to left heart. Increased aortic root transmural pressure
adds a minor amount of  LV afterload.

Simultaneous measurement of  RV and LV systolic pressure reveals a concordant decrease in pressure in both chambers during inspiration,
with a similar concordant increase in pressure in both ventricles during expiration. Pressure changes are exaggerated for emphasis.

On expiration, intrapleural pressure increases and abdominal
pressure decreases with decreased blood flow through the right
heart and increase in flow to left heart.
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decreases slightly. The fall in the intrapleural pressures with 
inspiration also increases the transmural aortic root pressure, 
effectively increasing the impedance to LV ejection. The reverse 
occurs during expiration. Normally, inspiration lowers the right 
atrial and the systolic RV pressures slightly more than it lowers 
the left heart pressures. In severe lung disease, such as asthma, 
left heart filling is more profoundly affected, and these changes 
are exaggerated. The very negative inspiratory intrapleural pres-
sures and very positive expiratory pressures result in marked 
swings in LV filling. A paradoxical pulse (fall in systemic pres-
sure with inspiration) may thus result from lung disease alone.

The normal atrial and ventricular waveforms are shown in 
upper Figure 20-4. With atrial contraction, the atria become 
smaller and the atrial pressures rise (a wave). With the onset of 
ventricular contraction, the AV valves bulge toward the atria, 
and a small c wave is typically detectable on hemodynamic trac-
ings. Although many findings can be seen by careful inspection 
of the jugular veins on physical examination, the c wave typically 
cannot be seen. As ventricular contraction continues, the AV 
annular ring is pulled into the ventricular cavity and the atria 
go into their diastole, resulting in enlargement of the atria  
and a decrease in the atrial pressures (x descent). Passive filling 
of the atria during ventricular systole produces a slow rise in  
the atrial pressures (the v wave) until the AV valves reopen at 
the peak of the v wave, and the pressure then falls rapidly as the 

ventricles actively relax (the y descent). Passive filling of the 
ventricles continues while the AV valves are open until atrial 
contraction again occurs, and the cycle repeats.

Following ventricular systole, ventricular diastole can  
be divided into an initial active phase (a brief period when the 
ventricle fills about halfway) and a passive filling phase. The 
nadir or lowest diastolic pressure during ventricular diastole 
occurs during the early active relaxation phase (suction effect).

Constrictive Pericarditis Physiology

Constrictive pericarditis (Fig. 20-4, middle) and restrictive 
cardiomyopathy (Fig. 20-4, lower) alter the normal intracardiac 
pressures in several ways as described in the figures. Please refer 
to Chapter 43, which covers these and expected respiratory 
changes with cardiac flow in detail.

Because the atrial and ventricular septi are normally  
unaffected by the pericardial process, in a restrictive cardiomy-
opathy, both the RV systolic and LV systolic pressures should 
fall with inspiration. If constrictive pericarditis is present,  
with inspiration the RV systolic pressure and area of the RV 
pressure tracing will rise as the LV systolic pressure and area of 
the LV pressure tracing falls, demonstrating ventricular inter-
dependence. It is critical to demonstrate ventricular interdepen-
dence to diagnose constriction. In addition, in constrictive 
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Figure 20-4 Comparisons of normal and pathologic 
intracardiac pressures. AV, atrioventricular; 
LA, left atrial; LV, left ventricular; LVEDP, left 
ventricular end-diastolic pressure; RA, right atrial; 
RV, right ventricular; RVEDP, right ventricular 
end-diastolic pressure.

125

100

75

50

25

0

Atrial contraction reduces atrial volume and increases atrial pressure
(a wave). Ventricular contraction closes the AV valve and creates the
c wave. The AV ring is pulled into the atria, and atrial relaxation ensues
with pressure decrease (x descent). Passive atrial filling causes v wave
until AV valves open and pressure drops rapidly (y descent) while
ventricles relax. Following ventricular systole, an active and passive 
diastolic filling phase follows, with ventricular pressure lowest in the
active phase.

High atrial pressures when AV valves open result in rapid early filling
(rapid y descent) until filling abruptly stops (square root sign). There is
equalization of late diastolic pressures. The right ventricular diastolic is 
usually > one third the right ventricular systolic.

x
a c v y

125

100

75

50

25

0

LV

X

(Y>X)

Y

Square root 
sign

Square root 
sign

Increased V wave125

100

75

50

25

0
X

Y

Thickened constrictive pericardium

a wave
c wave

Normal myocardium

Equalization 
of diastolic 
pressures

LVEDP > RVEDP

Elevated
right 
ventricular 
systolic
pressure

Abnormal myocardium

Normal

Constrictive pericarditis

Restrictive cardiomyopathy

Restrictive cardiomyopathy exhibits high atrial pressures with early and
rapid diastolic filling. Left heart diastolic pressures are higher than the 
right heart, and LVEDP is greater than RVEDP. A large v wave in left 
atrium reflects poor left atrial compliance. Pulmonary hypertension 
results, and the RV systolic pressure is elevated.

RV

RA

LV

LA

RV

RA LA

RV

RA LA

pericarditis the RV and pulmonary arterial systolic pressures are 
usually normal, and there is equalization of the RV and LV 
end-diastolic pressures. The high RV end-diastolic pressure 
results in the RV end-diastolic pressure being greater than one 
third of the RV systolic.

Restrictive Cardiomyopathy Physiology

In restrictive cardiomyopathy, the atrial pressures are high,  
and there is also early and rapid diastolic filling. This can 
produce the “square root” sign in the diastolic filling pattern of 
the RV or LV similar to that seen in constrictive pericarditis. 
The end-diastolic LV pressure, however, should be consistently 
higher (>5 mm Hg) than that of the end-diastolic RV pressure. 
Pulmonary hypertension and RV systolic hypertension are 
common findings not present in constriction (Fig. 20-4). 
The elevated RV systolic pressure means that the RV end- 
diastolic pressure will not be greater than one third of the RV 
systolic pressure. In a patient with myocardial restriction but  
a normal pericardium, a normal inspiratory decrease in all  
intracardiac pressures is expected, and there is a normal concor-
dant fall in the RV and LV systolic pressures. This lack of 
demonstrable ventricular interdependence helps confirm  
restrictive physiology.

diagnostiC aPPRoaCh

Procedures that will aid in the differential diagnosis of restric-
tive cardiomyopathy are outlined in Table 20-1.

Electrocardiography

The ECG in patients with restrictive cardiomyopathy is often 
abnormal but usually nonspecific. Low voltage may be a promi-
nent feature, especially in amyloidosis. The QRS pattern often 
simulates myocardial infarction with poor R wave progression 
in the precordial leads or a pseudoinfarction pattern in the 
inferior leads. If pulmonary hypertension is present, evidence of 
RV hypertrophy may be noted. Interatrial conduction delays 
(notched P waves) and evidence of atrial enlargement are also 
common. AV heart block is common in sarcoidosis. High-grade 
AV block is less commonly seen in amyloidosis, but first-degree 
AV block is often present. Atrial arrhythmias, especially fibril-
lation, are common, although rarely a presenting symptom; sick 
sinus syndrome is also common. Ventricular tachyarrhythmias 
are frequent with disease progression and in amyloidosis may 
be a harbinger of sudden cardiac death.

Blood Tests

There are no specific markers for restrictive cardiomyopathy, 
and often blood tests are unrevealing. That being said, patients 
presenting with a restrictive cardiomyopathy should be screened 
for all systemic diseases that may be contributory. Specific  
findings may provide direction for therapeutic intervention.  
A complete blood count with differential can exclude anemia 
and eosinophilia as causes or contributors to heart failure.  
The sedimentation rate is usually reduced in patients with right 
heart failure, so an elevated sedimentation rate may suggest an 
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table 20-1 Differential Diagnosis of Restrictive Cardiomyopathy versus Constrictive Pericarditis

Examination Procedure Restrictive Cardiomyopathy Constrictive Pericarditis

Physical examination Kussmaul’s sign is occasionally present. Kussmaul’s sign is common.
Paradoxical pulse is absent. Paradoxical pulse may be present.
Apical impulse is prominent. Apical impulse retracts or is absent.
S3 and S4 are present. Pericardial knock may be present.
Regurgitant AV valve murmurs are common. Regurgitant AV valve murmurs are rare.

Chest x-ray Enlarged atria Normal heart size
Pulmonary edema at times Occasional pericardial calcium

ECG Low voltage Occasional low voltage
Atrial hypertrophic P waves P waves reflect interatrial conduction delay.
Conduction disease is common. Conduction defects are rare.
Atrial fibrillation is common. Atrial fibrillation is occasionally present.

Echocardiography Small LV cavity with large atria Mild or no atrial enlargement
Increased wall thickness; sparkling texture Normal wall thickness
Thickened cardiac valves at times
Septal notch movement is rarely seen. Abrupt septal notch in early diastole
Little septal movement with inspiration Septal movement to left ventricle with 

inspiration
Thickened atrial septum Normal atrial septum
<15% inspiratory decrease in MV velocity >25% inspiratory decrease in MV velocity
In PV: D>S (S/D ratio <1) In PV: S>D

In PV: inspiratory decrease in S and D waves
TV inflow velocity with inspiration:

Mild decrease in E wave
No change in peak TR velocity

Myocardial Ea <8.0 cm/s (reduced)

TV inflow velocity with inspiration:
Decreased inflow E wave
Increased peak TR velocity

Myocardial Ea >8.0 cm/s (normal or 
increased)

M-mode slope of inflow color velocity edge 
<100 cm/s

M-mode slope of inflow color velocity edge 
>100 cm/s

Cardiac catheterization LVEDP – RVEDP >5 mm Hg Equalization of pressures
LVEDP – RVEDP <5 mm Hg

Pulmonary hypertension PA systolic rarely >40 mm Hg
Dip and plateau in RA and RV are common. Dip and plateau in RA and RV are common.
RVEDP < 1

3  RV systolic RVEDP > 1
3  RV systolic

Late inspiratory RV/LV systolic pressure in 
phase (concordant)

Area of LV pressure tracing/area of RV pressure 
tracing ratio declines with inspiration.

Late inspiratory RV/LV systolic pressure 
discordant

Area of LV/area of RV pressure tracing is 
unchanged with inspiration.

Paradoxical pulse is rare. Paradoxical pulse is more common.
CT/MRI LA enlargement, LV hypertrophy, thickened 

atrial septum
Occasionally thickened pericardium or 

calcium

AV, atrioventricular; CT, computed tomography; ECG, electrocardiogram; LA, left atrial; LV, left ventricular; LVEDP, left ventricular  
end-diastolic pressure; MRI, magnetic resonance imaging; MV, mitral valve; PA, pulmonary artery; PV, pulmonary vein; RA, right atrial;  
RV, right ventricular; RVEDP, right ventricular end-diastolic pressure; TR, tricuspid regurgitant; TV, tricuspid valve.

inflammatory process such as sarcoidosis. Although only rarely 
helpful, an elevated angiotensin-converting enzyme (ACE) level 
may be present in sarcoidosis. If signs of systemic illness such 
as multiple myeloma are present, measures of serum and urine 
electrophoresis in search of a monoclonal gammopathy are 
appropriate. Renal failure should be excluded, because it may 
suggest Fabry’s disease or renal involvement from another sys-
temic process. A 24-hour urine for total protein may be indi-
cated to exclude a nephrotic syndrome, especially if the serum 
albumin is low. Hemochromatosis is characterized by an ele-
vated plasma iron level, a normal or low total iron-binding 
capacity, elevated serum ferritin, high saturation of transferrin, 
and urinary iron. Carcinoid syndrome is associated with high 
levels of circulating serotonin and urinary 5-hydroxyindoleace-
tic acid. Endemic forms of endomyocardial fibrosis have been 
related to high levels of cerium and low levels of magnesium.

Chest X-ray

The chest x-ray in most restrictive cardiomyopathies reveals a 
normal heart size and enlarged atria. With pulmonary hyperten-
sion, an enlarged right ventricle may be seen. Pericardial calcium 
is usually not present. Mediastinal nodes may be prominent if 
sarcoidosis is a consideration. Diastolic heart failure should be 
suspected in all patients with a relatively normal heart size and 
pulmonary edema.

Echocardiography

Echocardiography is usually revealing and frequently diagnos-
tic. Ventricular Doppler filling patterns can be assessed, and 
changes in the patterns with respiration recorded. Pulmonary 
venous and hepatic venous flow patterns in concert with mitral 
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Figure 20-5 Doppler flow studies: comparison of mitral and pulmonary vein flow velocities. ECG, electrocardiogram; MVC, mitral 
valve closure; VR, ventricular relaxation. (Modified with permission from Klein AL, Scalia GM. Disease of the 
pericardium, restrictive cardiomyopathy and diastolic dysfunction. In: Topol EJ, ed. Comprehensive Cardiovascular 
Medicine. Philadelphia: Lippincott–Raven; 1998:669–716.)
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Mitral and pulmonary venous Doppler flow patterns
in diastolic dysfunction and restrictive cardiomyopathy

ECG provides cycle timing, and “pressure” panel represents aortic (Ao), left ventricular (LV), and left atrial (LA)
pressures. Mitral valve flow pattern (MV) is contrasted with pulmonary vein (PV), tricuspid valve (TV), and hepatic
venous (HV) flow velocities. The time from aortic valve closure (AVC) to opening of mitral valve (MVO) defines the
isovolumetric relaxation time (IVRT) and reflects active myocardial relaxation. The MV Doppler pattern reflects
early filling (E wave), with Doppler its acceleration time (AT) and deceleration time (DT). Following a diastasis
period, atrial contraction creates the A-wave velocities. PV velocities reflect flow into the LA, with systolic flow (S)
occurring during ventricular systole (atrial relaxation and mitral ring descent into LV) and again during ventricular
diastole (D) while mitral valve is open. Reversal of flow (AR) occurs during atrial systole; tricuspid flows are similar
to mitral. Hepatic flow velocities are similar to PV except direction is away from transducer (negative) and there is
some flow reversal seen during early ventricular systole (C wave) and during atrial systole.

flow patterns provide additional information. Transesophageal 
echocardiography is usually not necessary.

The classic restrictive cardiomyopathy two-dimensional 
echocardiographic image includes severe biatrial enlargement 
and thickened LV walls, often with a speckled or unusual myo-
cardial texture if an infiltrative process is present. There is often 
thickening of the interatrial septum in amyloidosis. There is no 
ventricular septal bounce or septal shifting with inspiration, 
which might be seen in constrictive pericarditis. Patients with 
endomyocardial fibrosis usually have involvement of the ven-
tricular apices and the subvalvular apparatus. In endomyocardial 
fibrosis, the ventricles may be virtually obliterated by the col-
lagen tissue and thrombus. The echocardiogram in patients with 

ventricular noncompaction most often visualizes massive tra-
beculations in the LV apical region with large sinuses between. 
The echocardiogram can also exclude hypertrophic cardiomy-
opathy as a cause.

ECHOCARDIOGRAPHy/DOPPLER PATTERNS

Doppler filling patterns, especially during respiration, help  
differentiate constrictive pericarditis from restrictive cardiomy-
opathy (see Table 20-1). Normal Doppler echocardiographic 
patterns and definitions are shown in Figure 20-5. The time 
from aortic valve closure to mitral valve opening represents the 
isovolumic relaxation time. The E-wave acceleration time is the 
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time from the opening of the mitral valve to the peak flow; the 
time from the peak flow to diastasis is the E-wave deceleration 
time. Normal atrial contraction results in an A wave, reflecting 
the acceleration of blood flow into the left ventricle; the A-wave 
velocity may be increased in diastolic dysfunction. The tricuspid 
flow pattern reflects right-sided filling and usually mirrors the 
mitral flow pattern.

The Doppler pulmonary venous flow pattern characterizes 
filling of the left atrium from the pulmonary veins. Normally, 
the left atrium fills during ventricular systole in concert with 
atrial diastole and while the mitral ring is being pulled toward 
the left ventricle. The left atrium fills again during ventricular 
diastole while the mitral valve is open to the ventricle. Nor-
mally, about an equal amount of left atrial (LA) filling occurs 
during ventricular diastole and ventricular systole (S = D). 
Under normal circumstances, when the atrial kick occurs, some 
reversal of flow is seen in the pulmonary vein because of the 
rapid rise in LA pressure. Relative to the transducer, hepatic 
flow is negative but is similar to pulmonary venous flow.  
The flow reversal pattern in the hepatic veins during atrial 
systole—and during the c wave when the tricuspid valve bulges 
into the atrium at the onset of ventricular systole—is usually 
more prominent than that in the pulmonary veins.

Figure 20-5 (bottom) shows the mitral pattern of impaired 
early relaxation and contrasts the findings seen with impaired 
LV compliance. The E-wave velocity is normally greater than 
the A-wave velocity, but if early relaxation is impaired, the rate 
of initial filling (E wave) is reduced, the isovolumic relaxation 
time and the mitral deceleration time increased, and there is 
reversal of the E/A ratio. The pulmonary venous flow is simi-
larly blunted in ventricular diastole, and ventricular systolic 
filling of the left atrium from the pulmonary vein is greater than 
the diastolic filling. The S/D ratio is therefore greater than 1.

In restrictive cardiomyopathy the issue is not impaired early 
LV filling but abnormal LV compliance and restricted late 
filling. Because the left ventricle fills mostly in early diastole in 
a restriction, the E wave is prominent, and the time to fill the 
ventricle is reduced (a shortened isovolumic relaxation time). 
Because of the rapidly rising LV diastolic pressures, the decel-
eration time is shorter, and the contribution from the atrial kick 
to the late flow velocities is reduced (the E is much more promi-
nent than the A). The pulmonary venous pattern reflects this, 
with rapid flow during early ventricular diastole and little flow 
into the stiff left atrium during ventricular systole. Thus, the 
S/D ratio of the pulmonary venous flow pattern is much less 
than 1. Hepatic venous flow patterns again resemble the pulmo-
nary venous flow.

Tissue Doppler measures have now improved on the diag-
nosis of restrictive cardiomyopathy. Tissue Doppler uses the 
same pulse wave sampling as with flow velocity, but it is modi-
fied to filter the low-amplitude reflections. When the transducer 
is placed on the mitral annulus or at the myocardium near the 
mitral annulus, the velocities record the longitudinal movement 
of the heart in systole and diastole. Because the transducer is at 
the apex, movement toward the apex is recorded as a positive 
wave (Sa). When the ventricle goes into diastole, the movement 
away from the transducer is recorded as a negative wave (Ea). 
If Ea is reduced (<10 cm/s), it implies impaired early relaxation. 
If the E wave of the mitral flow pattern is prominent (rapid 

filling of the left ventricle) while the Ea wave of the tissue 
Doppler is reduced, it means that there must be an elevated LA 
pressure. In other words, if there is more pressure pushing the 
blood into the left ventricle than anticipated from the LV 
pulling blood, then the LA pressure is presumed to be elevated. 
This ratio (E/Ea) has thus been used to provide an estimate of 
the LA pressure. In general, a ratio of 15 or greater has a 90% 
predictive value of a mean pulmonary capillary wedge pressure 
greater than 15 mm Hg. The E/Ea ratio has the added advan-
tage of being useful in atrial fibrillation and sinus tachycardia.

Another method for demonstrating the rapid early flow into 
the left ventricle in restriction is the use of color M-mode 
propagation velocity. As the left ventricle relaxes, there are 
intracavitary pressure gradients that promote the propagation 
of flow from the mitral orifice to the LV apex. By placing an 
M-mode cursor on the edge of the color-flow envelope, a propa-
gation velocity (first aliasing contour) can be recorded (Vp). A 
reduced Vp (<40 cm/s) implies impaired relaxation.

A schematic review of the various echo/Doppler patterns that 
might be observed in a patient with restrictive cardiomyopathy 
is shown in Figure 20-6.

Because similar diastolic mitral inflow patterns may occur in 
constrictive pericarditis, patterns during inspiration are the key 
to differentiating constriction from restriction. There is usually 
little respiratory change in the mitral and pulmonary venous 
flow patterns in restrictive cardiomyopathy, but there is a sig-
nificant (>25%) inspiratory drop in the maximal velocity of 
these flow patterns in constriction. The increased inspiratory 
filling of the right ventricle with constrictive pericarditis results 
in the increased RV pressure described above, and that increased 
pressure can be recorded in the tricuspid regurgitant jet velocity 
with inspiration. In restriction, the RV systolic pressure falls 
normally with inspiration.

Making the distinction even more difficult, pericardial con-
striction and restrictive cardiomyopathy may occur together, 
and in this circumstance, the above findings less clearly distin-
guish the two. The presence of atrial fibrillation makes Doppler 
flow patterns less complete (lacking an atrial component) and 
can complicate differentiating pericardial constriction and 
restrictive cardiomyopathy. Overall, it is estimated that equivo-
cal echocardiographic patterns are present in up to one third of 
the patients with possible constrictive pericarditis. The use of 
tissue Doppler adds some additional useful information in dif-
ferentiating constriction from restriction with a peak Ea greater 
than 8.0 cm/s or an M-mode of the velocity color-flow pattern 
greater than 100 cm/s, suggesting constriction rather than 
restriction.

Cardiac Nuclear Imaging

First-pass and multigated radionuclide angiography can provide 
ventricular volume data and a time-activity curve reflecting  
the ventricular volumetric changes of each heartbeat. Because 
of beat-to-beat variations and difficulties with describing late 
filling parameters, diastolic radionuclide angiographic informa-
tion is confined primarily to early filling measurements. Dia-
stolic filling can be described with early filling parameters (peak 
filling rate, time to peak filling rate, first third filling time) with 
some accuracy, but these same data are similar to the data from 
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Figure 20-6. Diastolic abnormalities in restrictive cardiomyopathy. There is more rapid filling in early diastole in the pulmonary 
venous (PV) flow (S<D) and in the mitral inflow (E>A). The high left atrial pressure results in the mitral valve opening 
earlier than after aortic closure (↓isovolumic relaxation time). Color flow velocity into the left ventricle (LV) is reduced 
(↓velocity propagation [Vp]) and the driving force pushing blood into the LV (E velocity) is greater than that pulling 
blood into the LV (Ea). Thus, the E/Ea ratio is increased. D, diastolic velocity; DT, deceleration time; RA, right atrium; 
RV, ventricle; S, systolic velocity.
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echocardiography/Doppler studies and are not widely used 
clinically. The dissociation between systolic and diastolic func-
tion can be well demonstrated using nuclear imaging and may 
be useful in patients in whom echocardiography/Doppler studies 
are difficult or nondiagnostic.

In patients with amyloidosis, technetium-99m pyrophos-
phate myocardial imaging may be abnormally positive, and 
indium-labeled anti-myosin antibody scans can also be abnor-
mal. In patients with familial cardiac amyloid polyneuropathy, 
meta-iodobenzylguanidine scintigraphy assessments for sympa-
thetic denervation have been proposed but are only occasionally 
of use because of low specificity. Segmental perfusion defects 
are occasionally seen with perfusion imaging (thallium-201 or 
technetium-99m sestamibi) in sarcoidosis; gallium-67 scans may 
also localize inflammation in this disorder.

Computed Tomography and Magnetic 
Resonance Imaging

Cardiac anatomic features and their relationship to the lungs  
are best described by CT and MRI. Pericardial thickening is 
poorly described by echocardiography, but both CT and MRI 

can detect pericardial thickening of 2 mm or more. However,  
a normal pericardium does not exclude constrictive pericarditis. 
A thickened interatrial septum suggests amyloidosis. Addition-
ally, CT and particularly MRI may provide evidence of an  
infiltrative process (e.g., amyloid, sarcoid) in patients with 
restrictive cardiomyopathy. Because the disease process is not 
always uniform, patients with negative endocardial biopsy 
results (see below) should undergo imaging of the heart by  
CT or MRI.

Cardiac Catheterization and 
Endomyocardial Biopsy

Because of confusion created by the noninvasive tests, cardiac 
catheterization is often an important adjunct in distinguishing 
between restrictive cardiomyopathy and constrictive pericardi-
tis. Although many of the subtle findings listed herein can be 
helpful in determining whether restriction or constriction is 
more likely, more often than not only some of these findings 
can be documented.

The relationship between right and left heart filling pressures 
during inspiration is key to understanding the hemodynamics 
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(Table 20-1). A right heart–only procedure is inadequate for 
differentiating constriction from restriction: simultaneous ven-
tricular pressure measurements are often critical to the diagno-
sis, because the right heart pressure waveforms may be similar 
in both disease states. Kussmaul’s sign (lack of fall of the  
right atrial pressure with inspiration) may be seen in both dis-
eases. In constriction, portions of the coronary arteries may also 
be encased in the pericardium and can seem to be frozen because 
they do not move with the rest of the beating heart.

In restrictive cardiomyopathy the LV end-diastolic pressure 
should be more than 5 mm Hg higher than the RV end-diastolic 
pressure at all phases of respiration, and pulmonary hyperten-
sion should be present (see Fig. 20-4). Hence, the RV end-
diastolic pressure should be less than a third of the RV systolic 
pressure despite an elevated RV end-diastolic pressure. Unfor-
tunately, lung disease may also be present in the same patient, 
and other causes of pulmonary hypertension may make this 
criterion less specific. The pulmonary vascular resistance is 
normal or near normal in both constrictive pericarditis and 
restrictive cardiomyopathy unless there is associated lung 
disease. Elevated pulmonary resistance implies that the left heart 
may not be solely responsible for the observed pulmonary 
hypertension. A prominent LA (or pulmonary capillary wedge) 
v wave may be present in restriction because of abnormal LA 
compliance and may or may not be associated with mitral valve 
regurgitation. An elevated v wave is unlikely in the pulmonary 
wedge tracing in constriction. The ventricular systolic pressures 
should be tracked together with inspiration, and both should fall 
in restrictive disease. The late inspiratory RV systolic pressure 
may actually rise in constrictive pericarditis.

Endomyocardial biopsy is often of limited value in dilated 
cardiomyopathy, but it may be helpful in restrictive cardiomy-
opathy. In cardiac amyloidosis, histochemical staining helps 
distinguish the primary AL type (κ or λ immunoglobulin light 
chains) from the less common AA (nonimmunoglobulin protein 
A) or secondary amyloidosis. Senile cardiac amyloidosis may 
have extensive or minor deposits, and its prevalence increases 
with age. Sarcoidosis is spotty and may be missed by percutane-
ous biopsy. Fabry’s disease is distinctive, with deposition of 
glycolipid in the affected lysosomes, and the diagnosis is often 
first detected on myocardial biopsy. Other diseases that result 
in a restrictive process cause myocardial fibrosis of a general 
nature, with interstitial fibrosis, loss of myofibrils, and vacuola-
tion of cytoplasm. Myocardial biopsy is often not diagnostic in 
these circumstances.

ManagEMEnt and thERaPy

Optimum Treatment

DIASTOLIC HEART FAILuRE

The treatment of diastolic heart failure centers on reducing 
symptoms and assessing whether therapy can be directed at  
the underlying process (Box 20-2). When diastolic pressures 
are elevated, diuretics are used to treat pulmonary and systemic 
congestion. However, the stiff ventricle is dependent on  
adequate preload, and the overzealous use of diuretics can  
result in hypotension, reduced renal blood flow, and renal dys-
function. Increased bowel edema may reduce the absorption of 

Box 20-2 Therapy in Restrictive Cardiomyopathy

general

Diuretics (furosemide, torsemide); occasionally 
aquapharesis

Spironolactone
Slow heart rate

In sinus rhythm: β-blockers
Antiarrhythmics to maintain sinus rhythm if possible
In atrial fibrillation: β-blockers, calcium channel 

blockers
Improve diastolic relaxation

Calcium channel blockers
β-blockers
ACE inhibitors and possibly ACE receptor blockers

Control systemic blood pressure
Avoid digitalis preparations
Anticoagulation
Cardiac transplantation

specific

Amyloidosis
Alkylating agents
Interferon (?)
Steroids
Colchicine

Hypereosinophilic syndrome
Steroids
Hydroxyurea

Sarcoidosis
Steroids and other anti-inflammatories
Pacemaker if heart block present

Hemochromatosis
Phlebotomy
Desferrioxamine
Liver transplantation

Fabry’s disease
α-galactosidase enzyme replacement

Carcinoid syndrome
Somatostatin analogues
Serotonin antagonists
α-adrenergic blockers
Surgical valve replacement

furosemide. Commonly, patients with restrictive cardiomyopa-
thy present for hospitalization when oral diuretics are ineffec-
tive, and it is essential in this circumstance to give diuretics and 
other medications intravenously. Aquapharesis is helpful at 
times. Oral torsemide is a preferred diuretic when bowel edema 
is present. Spironolactone is a useful adjunct, especially if liver 
congestion and ascites are present. Maintenance of slow heart 
rates improves diastolic time and allows for adequate diastolic 
filling. β-blockers can improve rate control. Calcium channel 
blockers are also used routinely under the assumption that they 
can both improve myocardial diastolic dysfunction in addition 
to helping control ventricular rate in patients with atrial fibril-
lation, thereby improving cardiac function. Sinus rhythm should 
be maintained if possible, because the atrial contribution to 
output may be significant in diastolic dysfunction. ACE inhibi-
tors may also improve myocardial relaxation and are often useful 
despite relatively normal ventricular systolic function. Angio-
tensin receptor blockers have also been reported to provide 

ACE, angiotensin-converting enzyme.
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symptomatic relief and can be used in concert with ACE inhibi-
tors. Systemic blood pressure control is important to reduce the 
cardiac workload and decrease any stimulus for further LV 
hypertrophy. However, hypotension is usually a more difficult 
clinical problem than hypertension in restrictive cardiomyopa-
thy. Digoxin may result in increased arrhythmias, especially in 
patients with amyloidosis, and should generally not be used.

The use of the Doppler flow pattern may tailor therapy. For 
instance, fusion of the mitral inflow E and A waves implies 
inadequate diastolic time; therefore, heart rate reduction is 
needed. A pseudonormal or restrictive pattern (E>A) implies 
high diastolic filling pressures and the need for further therapy 
with ACE inhibitors, calcium blockers, and diuretics. If the PR 
interval is prolonged, dual-chamber pacing may maximize the 
relationship of the atrial kick to ventricular contraction. Anti-
coagulation with warfarin is often recommended to reduce the 
risk of atrial appendage thrombi in patients with continuous or 
paroxysmal atrial fibrillation (see also Chapter 28) or if there is 
evidence for LV thrombus.

Gradually, medical therapy tends to fail. Cardiac transplanta-
tion in selected patients may be the only option. Unfortunately, 
following cardiac transplantation, amyloidosis has been reported 
to recur in the transplanted heart, suggesting that cardiac  
transplantation is not appropriate for patients with systemic 
amyloidosis.

SPECIFIC THERAPy

Therapies directed at the underlying cause of the restrictive 
process are quite limited. The prognosis for primary amyloido-
sis is poor, with a median survival time of approximately 2 years 
despite the use of alkylating agents and other approaches. Inter-
feron has been tried with little success, although the combina-
tion of steroids and interferon shows some promise. Combination 
therapy with melphalan, prednisone, and colchicine may relieve 
some of the noncardiac and renal aspects of the disease.  
The restrictive cardiomyopathy due to light-chain deposition, 
though, has been reported to be reversible, and this variant may 
have a better prognosis after remission of the plasma cell dys-
crasia. Liver transplantation (or combined liver-heart transplan-
tation) may be an option in familial amyloidosis (but only this 
form of amyloidosis), because the circulating transthyretin that 
causes the disorder is manufactured in the liver. Thus far, the 
experience in transplanting these patients is limited. Autologous 
stem cell transplantation has had some limited success in amy-
loidosis and may be an option in selected cases.

Corticosteroids and hydroxyurea are used in the early stages 
of the hypereosinophilic syndrome. There has also been some 
success with interferon in this disease. Surgery can debride the 
fibrous plaque, and valve replacement may be indicated.

Corticosteroids and other inflammatory agents are used in 
sarcoidosis. Heart block can be treated with permanent pacing; 
implantable defibrillators help patients susceptible to severe 
ventricular tachyarrhythmias.

Enzyme replacement (β-glucosidase) and liver transplanta-
tion has improved some patients with Gaucher’s disease.

Hemochromatosis is generally managed by phlebotomy,  
chelating agents such as desferrioxamine, or both. Heart trans-
plantation and combined heart-liver transplantation have also 

been used in patients whose hemochromatosis is refractory to 
standard therapy.

Fabry’s disease can now be treated with intermittent intrave-
nous infusion of the enzyme α-galactosidase A, and early studies 
of its use to improve cardiac function are encouraging.

Carcinoid syndrome is treated with somatostatin analogues, 
serotonin antagonists, and α-adrenergic blockers. Surgical 
tricuspid and/or pulmonary valve replacement is an option, 
especially in patients under 65 years of age.

Avoiding Treatment Errors

There are several important issues for patients with suspected 
or confirmed restrictive cardiomyopathy. First, it is critically 
important to be certain that the patient does indeed have restric-
tive cardiomyopathy. Many patients with pericardial constric-
tion benefit enormously from pericardiectomy. Patients with 
hypertrophic cardiomyopathy have other treatment options. 
Patients with end-stage liver disease may benefit from liver 
transplantation. Second, a variety of treatment options exist, 
depending on the causes of the restrictive cardiomyopathy, so 
it is important to make a precise diagnosis of the underlying 
cause of restriction if at all possible. Third, optimal care requires 
very close monitoring of patients to maintain intravascular 
volumes at a point that provides for patient comfort and ambula-
tion but avoids hypotension and the downward spiral that occurs 
with worsening renal failure. Finally, in patients with severe 
restrictive cardiomyopathy, it is important for the physician to 
discuss treatment options and prognosis so that the patient and 
family can be involved in end-of-life decisions.

FUtURE diRECtions

The definition of diastolic heart failure must be further stan-
dardized. Abnormalities of ventricular active relaxation and 
compliance are often dissociated from systolic dysfunction. Dia-
stolic dysfunction may precede systolic dysfunction in many 
diseases, especially diseases with concentric hypertrophy, such 
as aortic stenosis and systemic hypertension. The prevalence of 
normal systolic and diastolic dysfunction in heart failure studies 
varies from 14% to 75%, depending on how they are defined. 
Abnormalities of early diastolic relaxation clearly differ from 
those of late diastolic compliance.

Clinically, the elderly present with diastolic dysfunction 
more commonly than younger individuals. Despite this, the 
prognosis in patients with diastolic dysfunction is far better than 
in patients with systolic dysfunction, unless an infiltrative 
process is present.

Diastolic dysfunction need not be present with even pro-
found systolic dysfunction. Many patients who have a poor LV 
ejection fraction suffer no symptoms of congestion for many 
years. Only when diastolic dysfunction manifests do congestive 
symptoms emerge.

Diastolic dysfunction from a restrictive cardiomyopathy sug-
gests that a definable etiology is present, although it is often 
difficult to identify. Early detection might improve the dismal 
outcome, so sensitive tests continue to be sought. Exercise mea-
sures of diastolic function may be possible that demonstrate 
early abnormalities not evident at rest. Cardiac MRI is perhaps 
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the most promising new imaging modality, with improved 
imaging of all cardiac chambers. MRI may help distinguish 
epicardial restriction from pericardial constriction and better 
identify patients for whom pericardial stripping may help. It also 
may provide better definitions of tissue characteristics and thus 
allow more precise diagnoses in infiltrative disorders.

Therapy remains the greatest challenge. Although some 
advances have been made in symptomatic treatment, until sat-
isfactory therapy is available for diseases such as amyloidosis, 
the outlook for most patients with restrictive cardiomyopathy 
will remain grim.
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Hereditary Cardiomyopathies

José Ortiz and Richard A. Walsh

T he World Health Organization/International Society and 
Federation of Cardiology Task Force on the Definition 

and Classification of the Cardiomyopathies has expanded the 
definition of cardiomyopathies from disorders intrinsic to the 
myocardium (for which no other primary cause was evident)  
to include myocardial damage regardless of etiology. The focus 
of this chapter, however, is on cardiomyopathies intrinsic to  
the myocardium.

There are five categories of cardiomyopathic heart disease, 
based on morphologic and hemodynamic characteristics:  
dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy 
(HCM), restrictive cardiomyopathy, arrhythmogenic right  
ventricular (RV) cardiomyopathy (ARVC), and nonclassifiable 
cardiomyopathies (such as noncompaction and mitochondrial 
cardiomyopathy).

Numerous genetic mutations, either de novo or with a clear 
familial transmission, are associated with each of these catego-
ries of cardiomyopathy. A familial cause has been found in about 
50% of patients with HCM, 35% with DCM, and 30% with 
ARVC (Tables 21-1, 21-2, and 21-3). As yet, no specific genetic 
mutations have been found in restrictive cardiomyopathy; 
however, it is likely that genetic abnormalities predisposing to 
restrictive cardiomyopathy will be found, given the numerous 
reports of families with multiple cases of the disease.

The first evidence of a gene defect associated with an intrin-
sic heart muscle disease was published in 1990. The discovery 
of a mutation in the gene encoding the β-myosin heavy chain 
(Table 21-1; Fig. 21-1), with resultant familial HCM, was 
followed by discoveries of gene mutations for the entire spec-
trum of cardiomyopathies. This chapter focuses on the breadth 
of mutations that affect the myocardium, whereas Chapter 72 
addresses the general topic of genetics in cardiovascular 
diseases.

Etiology and PatHogEnEsis

Familial Dilated Cardiomyopathy

The phenotype for familial DCM is divided into three groups 
(Table 21-2; Fig. 21-1), two that are based on the type of genetic 
transmission and Barth’s syndrome (previously included among 
“X-linked” cardiomyopathies), which is considered a third 
group because of its peculiar mitochondrial involvement.

AutOsOmAl-DOminAnt tRAnsmissiOn

Autosomal-dominant transmission accounts for most cases  
of familial DCM, which may present either as heart failure  
or as a conduction abnormality. Ten genetic loci have  
been mapped for cardiomyopathy without conduction system 
disease. Seven of these genes are known: actin (chromosome 
15q14), desmin (chromosome 2q35), δ-sarcoglycan (chromo-
some 5q33), β-sarcoglycan (chromosome 4q12), cardiac 

troponin T (chromosome 1q3), β-myosin heavy chain (β-MHC, 
chromosome 14q11), and α-tropomyosin (chromosome 15q22); 
see Table 21-1. Mutations in the α-tropomyosin gene are asso-
ciated with familial HCMs. Actin, a sarcomeric protein, leads to 
DCM if the mutation affects its binding to dystrophin (at the 
sarcolemma level) or to HCM if the mutation affects the myo-
sin-binding region. Mutations of the β-MHC and of cardiac 
troponin T genes are thought to produce DCM by causing 
reduced force generation by the sarcomere. In particular, the 
β-MHC mutation disrupts interactions between actin and 
myosin or with a hinge area within myosin that transmits move-
ment. Mutations in cardiac troponin T decrease the power of 
contraction by reducing the ionic interactions between cardiac 
troponins T and C. The α-tropomyosin mutation interferes 
with the integrity of the thin filaments. Other mutations are 
involved either with the stability of the sarcomere or the sarco-
lemma, or with signal transduction.

Cardiomyopathy with conduction system disease is associ-
ated with five mapped loci and one identified gene, lamin  
A/C, on chromosome 1q21, which encodes a nuclear envelope 
intermediate filament protein. This mutation also causes  
Emery-Dreifuss muscular dystrophy.

X-linkeD tRAnsmissiOn

Characterized by elevated amounts of serum creatine kinase 
muscle isoforms, the disease-causing gene of X-linked transmis-
sion leads to a severe reduction or absence of dystrophin, a 
cytoskeletal protein, in the heart. This gene is responsible for 
Duchenne’s and Becker’s muscular dystrophies as well. The 
mutations cluster in the 5´ portion of the gene affecting the 
N-terminal actin-binding region of the dystrophin protein.

mitOchOnDRiAl inheRitAnce (BARth’s synDROme)

Seen most often in male infants, mitochondrial inheritance also 
follows an X-linked genetic transmission but is considered a 
separate category because it is characterized by abnormal mito-
chondrial function, neutropenia, and 3-methylglutaconic acid-
uria. The responsible gene was found to encode the protein 
tafazzin. Although the role of tafazzin is unknown, its mutation 
results in many clinical disorders, including DCM, hypertrophic 
DCM, endocardiac fibroelastosis, and left ventricular (LV) non-
compaction, with or without Barth’s syndrome features. There 
are also reports linking abnormalities of energy production and 
mitochondrial DNA mutations to cardiomyopathies. In at least 
two families, HCMs that have evolved to severe DCMs have 
been linked to transfer RNA–lysine defects.

Hypertrophic Cardiomyopathy

Familial HCM with autosomal-dominant inheritance encom-
passes most of the cases of HCM (see Table 21-1; Fig. 21-1). 
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table 21-1 Gene Defects Associated with hypertrophic cardiomyopathy

gene Product Chromosome
Risk of Frequent 
sudden death FHC Remarks

Myofilaments
β-myosin heavy chain 14q11.2–q12 high (R403Q, R453c, 

R719W)
yes Degree of hypertrophy correlates with risk of 

sudden death.
myosin light chain-1 3p21 low yes Papillary muscle thickening, rare cases
myosin light chain-2 12q23–q24.3 low yes Papillary muscle thickening, rare cases

thin-filament proteins
troponin t 1q3 high (int15G1_A, Δe160, 

R92Q, 179n)
yes high risk of sudden death, mild or absent 

hypertrophy; 13 different mutations reported on 
the cTnT gene

troponin i 19q13.4 high (Δk183) yes Apical variant of hcm, occasionally Dcm-like 
features in elderly patients

Actin 15q14 low yes some mutations might also cause primary Dcm.
α-tropomyosin 15q22 high (V95A) yes usually favorable prognosis, high phenotypic 

variability

other defects associated with FHC
myosin-binding protein c 11p11.2 low yes Benign clinical course, progressive hypertrophy 

with rather late onset
titin spontaneous not applicable yes Only one patient reported

other defects associated with HCM
AmP-activated protein 

kinase γ 2
7q3 low no Associated with Wolff-Parkinson-White syndrome

α-myosin heavy chain spontaneous low no late onset, rare

Reprinted with permission from Elsevier ( the lancet. 2001;358:1629).
Dcm, dilated cardiomyopathy; Fhc, familial hypertrophic cardiomyopathy; hcm, hypertrophic cardiomyopathy.

The first gene for familial HCM was mapped to chromosome 
14q11.2–14q12. Familial HCM can be caused by mutations in 
nine different genes encoding sarcomere proteins expressed in 
cardiac muscle. There are now more than 100 point mutations 
in the sarcomeric proteins known to cause HCM.

Left Ventricular Noncompaction

Two inheritance patterns of LV noncompaction have been 
described: One is an X-linked form, seen in males. The muta-
tion has been localized to the gene TAZ, which encodes tafazzin, 
as described above in the section “Mitochondrial Inheritance 
(Barth’s Syndrome).” The other inheritance pattern is a dystro-
phin-associated protein gene mutation. The gene that encodes 
α-dystrobrevin, which maps to the chromosome 18q12, has 
structural properties as well as nitric oxide signaling functions. 
Its deletion causes cardiomyopathy in mutant mice, supporting 
its deletion as a cause of ventricular dysfunction.

Arrhythmogenic Right  
Ventricular Dysplasia

Arrhythmogenic RV dysplasia presents as a familial disease in 
at least 30% of patients (see Table 21-3; Fig. 21-1). It is mostly 
inherited in an autosomal-dominant fashion, and mutations in 
plakoglobin (chromosome 17q21), desmoplakin (chromosome 
6p23–p24), and ryanodine (chromosome 1q42) have been 
reported to be causative.

CliniCal PREsEntation

Patients with hereditary cardiomyopathy have a spectrum of 
clinical manifestations, from discovery in the asymptomatic 
patient during the screening of a patient’s relatives to the patient 
presenting with sudden cardiac death or heart failure. It is 
important to note that the reasons for widely varying pheno-
types in family members with the same structural protein muta-
tion have yet to be fully elucidated.

Many patients, regardless of the type of cardiomyopathy, 
present with classic heart failure symptoms, such as dyspnea, 
orthopnea, paroxysmal nocturnal dyspnea, angina, syncope, 
edema, evidence of low cardiac output (fatigue, weakness, exer-
cise intolerance), and conduction abnormalities. Symptoms 
depend on the degree of ventricular dysfunction, valvular 
involvement, and cardiac arrhythmias (if present), and the 
cardiac chamber involved. Presentation, clinical course, and 
prognosis also vary according to the altered gene and the muta-
tion responsible for the disease. Less understood variables may 
affect genetic background and alter the clinical course of the 
disease.

HCM deserves special consideration, because sudden death 
may be the initial presentation in a young, otherwise healthy 
patient. As seen in Table 21-1, the risk of sudden death corre-
lates reasonably well with the type of genetic mutation and  
the degree of LV outflow obstruction and hypertrophy (see  
also Chapters 19 and 30). Studies linking the incidence of 
sudden deaths in athletes have shown different results according 
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table 21-2 Gene Defects Associated with Dilated cardiomyopathy

gene Product Chromosome
skeletal 
involvement

Frequent sudden 
death or Rapid 
Progressive Heart 
Failure Remarks

Mutations of 
the same gene 
Cause Primary 
Md

dCM with mainly lV dysfunction
troponin t 1q3 not reported sD, hF (Δk210) early-onset ventricular 

dilation
hcm

δ-sarcoglycan 5q33–q34 none/subclinical sD, hF (Δk238) early-onset ventricular 
dilation

limb girdle
mD 2F

β-sarcoglycan 4q12 may be severe hF may be the initiating 
deficiency and lead to 
multiple defects in 
sarcoglycan expressions

limb girdle
mD 2e

β-mhc 14q11.2–q12 none hF (s532P, F764l) early-onset ventricular 
dilation

hcm

Actin 15q14 not reported Defect located in dystrophin-
binding region

hcm

nk 1q32 not reported First to second decade, 
incomplete penetrance

nk 2q31 none hF native American family, 
incomplete penetrance

nk 9q13–q22 none large italian family, 
incomplete penetrance

nk 10q21–q23 not reported mitral valve prolapse, 
occasionally sudden death

dCM with early conduction disease
lamin A/c 1q21.3 none/mild sD Frequently in Dcm with 

conduction abnormalities
emery-Dreifuss 

mD, limb girdle 
mD 2B

Desmin 2q35 none/severe syncope, can develop severe 
skeletal myopathy

Desmin myopathy

nk 2q14–q22 not reported Frequently ventricular 
tachycardia

nk 3p22–p25 not reported Associated with sick sinus 
syndrome and stroke

nk 6q23 severe Associated with adult-onset 
limb girdle mD

dCM with sensorineural hearing loss
nk 6q23–q24 none Associated with juvenile 

sensorineural hearing loss
tRNA-Lys mitochondrial 

DnA
mild involvement of organs 

with high oxidative 
metabolism: heart, 
cochlea, brain, 
skeletal muscle

dCM with rapid progression in young men
Dystrophin Xp21 mild hF Rapid progression to 

end-stage hF
Becker’s and 

Duchenne’s mD
tafazzin Xq28 mild hF usually fatal in infancy, rare 

survival to adulthood
Barth’s syndrome, 

endocardial 
fibroelastosis

Reprinted with permission from Elsevier ( the lancet. 2001;358:1629).

Dcm, dilated cardiomyopathy; hcm, hypertrophic cardiomyopathy; hF, heart failure; lV, left ventricular; mD, muscular dystrophy;  
mhc, myosin heavy chain; nk, not known; sD, sudden death.
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table 21-3 Gene Defects Associated with Arrhythmogenic Right Ventricular cardiomyopathy

gene Product Chromosome inheritance Remarks

Plakoglobin 17q21 Autosomal recessive Associated with palmoplantar keratoderma and woolly 
hair (naxos disease)

Desmoplakin 6p23–p24 Autosomal recessive Associated with palmoplantar keratoderma and woolly 
hair (naxos disease)

Ryanodine receptor 1q42 Autosomal dominant identification of four different mutations in independent 
families

nk 2q32 Autosomal dominant
nk 3p23 Autosomal dominant
nk 10p12–p14 Autosomal dominant
nk 14q12 Autosomal dominant
nk 14q23 Autosomal dominant

Reprinted with permission from Elsevier ( the lancet. 2001;358:1629).
nk, not known.

Figure 21-1 Interaction of affected proteins in dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), and 
arrhythmogenic right ventricular cardiomyopathy (ARVC; cardiac muscle cell).

In red, the defective proteins that are related to the cause of DCM, HCM, and ARVC
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to the country of origin of the patient population. This may  
be the result of the relative frequency of the various genotypes 
that affect the likelihood of sudden death. Atrial fibrillation, 
considered by some to be a sign of disease progression, may  
add to treatment difficulties by predisposing the patient to 
stroke and worsening heart failure caused by the difficult- 
to-control ventricular response, the impact on diastolic filling, 
or both. Patients may also progress to a dilated phase, with 
symptoms indistinguishable from those of patients with any 
cause of DCM.

Patients with genetically determined DCM most commonly 
present with symptoms between the ages of 18 and 50 years. 
Genetically determined DCM occurs more frequently in men 
than in women and more frequently in black individuals than  
in white individuals. Without cardiac transplantation, about 
50% of patients die within 5 years of the date of diagnosis. As 
with acquired cardiomyopathy, patients succumb to progressive 
heart failure or sudden death from ventricular tachyarrhythmias. 
DCM can also be associated with genetic systemic disorders 
such as glycogen storage disorders, mucopolysaccharidosis, neu-
romuscular disorders, and fatty acid disorders. In patients with 
any of these disorders, symptoms related to the systemic disor-
der are often found upon presentation.

Patients with DCM sometimes present with conduction 
system disease. For these patients, the age at death is usually in 
the third decade of life. The cardiomyopathy is disproportionate 
to the electrical abnormality, which may have started as mild 
conduction disease and progressed to complete heart block over 
several years.

Patients with LV noncompaction have deep trabeculations 
in the LV endocardium, and hypertrophy, dilation, or both can 
develop. Patients may also have septal defects, a pulmonic ste-
nosis, or a hypoplastic left ventricle.

Patients with arrhythmogenic RV dysplasia typically undergo 
progressive replacement of the RV myocardium with fibrofatty 
tissue. Patients present with significant arrhythmias of RV 
origin, ranging from premature beats to sustained ventricular 
fibrillation and sudden death.

diFFEREntial diagnosis and 
diagnostiC aPPRoaCH

Patients with a significant family history of cardiomyopathy 
usually do not represent a diagnostic dilemma, and a genetic 
evaluation should be obtained promptly after the onset of  
symptoms. Diagnosis starts with a well-focused history, an 
appropriate physical examination, and ECG, usually followed 
by echocardiography and right- and left-heart catheterizations. 
Myocardial biopsy should be performed whenever an inflamma-
tory or viral cardiomyopathy is suspected. Even in cases in 
which a clear familial inheritance is well documented, the initial 
workup should exclude secondary causes of cardiomyopathies, 
such as coronary artery disease and hypertension, which may act 
alone or in combination with the genetic disorder. All patients 
with DCM should undergo a complete neuromuscular evalua-
tion to exclude an associated muscular pathology. Conversely, 
patients with any type of muscular dystrophy should undergo a 
cardiac evaluation to assess for the presence of a concomitant 
cardiomyopathy.

ManagEMEnt and tHERaPy

Optimum Treatment

Specific treatments for familial cardiomyopathy are not  
available. Supportive management for these individuals contin-
ues to be based on therapies that have proven useful in the 
treatment of heart failure. The main goals of therapy are to halt/
reverse the progressive ventricular functional deterioration and 
to prevent sudden cardiac death. β-blockers and angiotensin-
converting enzyme inhibitors are considered the cornerstone  
of treatment for genetic DCMs and should be given at the 
maximum doses tolerated. Patients intolerant of angiotensin-
converting enzyme inhibitors may benefit from angiotensin 
receptor blocker therapy. In general, the same cautions around 
the use of inotropes and diuretics in HCM are present in any 
familial cardiomyopathy characterized by preserved systolic 
function and diastolic dysfunction. For example, although posi-
tive inotropic agents are very useful for patients with acutely 
decompensated cardiomyopathy who are not responding to less-
aggressive therapy, they are contraindicated in patients with 
HCM and normal systolic function (or hyperkinesis). Similarly, 
diuretic agents should be used cautiously in HCM because 
patients with HCM are preload-dependent, and even relative 
volume depletion can further impair their already altered dia-
stolic function.

For moderate to severe heart failure, the aldosterone  
antagonist spironolactone has decreased morbidity and mortal-
ity. For patients with severe conduction abnormalities, espe-
cially left bundle branch block, biventricular pacing (also know 
as resynchronization therapy) may help to relieve symptoms. 
Improvement in functional mitral regurgitation and the freedom 
to use β-blockade without the risk of bradycardia may be two 
of the most important benefits of this minimally invasive 
procedure.

Implantable cardiac defibrillators (ICDs) are the mainstay  
of antiarrhythmic therapy. Multiple antiarrhythmic agents have 
been studied in patients with cardiomyopathy, but there are 
almost no data supporting the use of these agents. Of all the 
drugs, only amiodarone has shown a marginal decrease in 
sudden cardiac death in dilated nonischemic cardiomyopathies. 
Conversely, ICD therapy provides significant mortality benefit 
in patients with an LV ejection fraction less than 35%, regard-
less of the etiology. Because of their extremely low predictive 
value, diagnostic electrophysiology studies help little in the 
decision of whether to use an ICD, especially in patients  
with DCM.

Lifestyle modifications such as a regular physical exercise 
program improve well-being and endothelial function and 
should be encouraged. Surgical options (before heart transplan-
tation) may improve the quality of life and even reduce mortality 
rate. Despite the usually complicated early postoperative period, 
high-risk surgeries such as mitral valve repair or replacement 
can be performed. Partial ventriculectomies, aneurysm resec-
tions, latissimus dorsi cardiomyoplasty, and other surgeries have 
been performed with mixed or negative results, and these pro-
cedures are not generally recommended.

Finally, a patient’s condition may become refractory to  
standard management and require more aggressive means, 
including ventricular-assist devices (as a bridge to recovery/
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transplantation) and, eventually, cardiac transplantation. This is 
especially true for patients with hereditary DCM.

Specific therapies for patients with DCM and HCM are 
discussed in Chapters 18 and 19, respectively. Periodic screen-
ing of family members is indicated and strongly encouraged and, 
importantly, there is not an obvious “cutoff” time beyond which 
further vigilance is not needed. First-degree relatives of DCM 
patients, even relatives with no apparent findings at initial 
screening, should be rescreened every 3 to 5 years. The medical 
history of every new patient should include a detailed cardiac 
family history of at least first- and second-degree relatives, and 
an examination, ECG, and echocardiography should be con-
ducted for all relatives. Particular attention should be paid to 
those relatives with abnormal findings that do not necessarily fit 
the criteria for cardiomyopathy (such as bundle branch block or 
LV enlargement with normal LV systolic function). Relatives 
with these abnormal findings may have a high risk of develop-
ment of cardiomyopathy. The presence of isolated LV enlarge-
ment may be a key indicator or an early stage of disease. When 
LV enlargement is discovered in a relative, further screening 
should be performed every 1 to 3 years, depending on the 
degree of dilation. Because of the variable degree of phenotypic 
expression and the severity of outcomes, it is advisable for fami-
lies to receive genetic counseling from a specialist.

Avoiding Treatment Errors

Despite significant advances in knowledge regarding the  
mechanisms of heart failure, no available therapeutic agents can 
“cure” the pathophysiologic changes associated with cardiomy-
opathies. Changes in pathophysiologic function are particularly 
challenging in cases wherein genetic alteration is the basis of  
the syndrome. While significant symptom reduction and near-
normalization of ventricular contraction may be achieved with 
medical therapy, under no circumstances should this treatment 
be discontinued. Discontinuation of treatment has been shown 
to result in worsening LV function even beyond the pretreat-
ment condition.

FutuRE diRECtions

Despite several promising small observational studies, several 
new therapeutic strategies such as immunoabsorption of anti-
myocardial antibodies, anticytokine therapy, and endothelial 
blockade have not proven successful in the management of car-
diomyopathic heart failure. Numerous new molecular-based 
approaches are in various stages of development.

additional REsouRCEs

Hershberger RE, Lindenfeld J, Mestroni L, et al. Genetic Evaluation of 
Cardiomyopathy—A Heart Failure Society of America Practice Guideline. 
J Cardiac Fail. 2009;15:83–97.

An update of genetic cardiomyopathies that includes strategies to best evaluate, 
counsel, treat, and refer patients suspected of having a genetic basis for their disease.

Genetic Health. Heart Disease: What Is Cardiomyopathy? Available at: 
<http://www.genetichealth.com/HD_What_is_Cardiomyopathy.shtml>; 
Accessed 23.02.10.

Website for patients and families explaining in easy-to-understand language the 
basics of cardiomyopathy.

Walsh RA, ed. Molecular Mechanisms of Cardiac Hypertrophy and Failure. 
London: Taylor & Francis; 2005:746.

Reviews current knowledge of the mechanisms contributing to heart failure.  
Discusses key advances in molecular and cell biology, biochemistry, and pharmacol-
ogy, focusing on advances that have a direct bearing on current clinical studies

EvidEncE

Arbustini E, Morbini P, Pilotto A. Familial dilated cardiomyopathy: 
from clinical presentation to molecular genetics. Eur Heart J. 2000;21:
1825–1832.

A stepwise approach for genetic screening based on clinical presentation, gender, 
and some baseline laboratory tests.

Crispell KA, Hanson EL, Coates K, et al. Periodic rescreening is  
indicated for family members at risk of developing familial dilated  
cardiomyopathy. J Am Coll Cardiol. 2002;39:1503–1507.

Evaluates the role of clinical rescreening of family members at risk for familial 
dilated cardiomyopathy and shows the value of rescreening several years (around 
6) after the initial evaluation.

Davies MJ. The cardiomyopathies: An overview. Heart. 2000;83:
469–474.

Summary of the more typical findings of each type of cardiomyopathy. An  
easy-to-follow review.

Franz WM, Müller OJ, Katus HA. Cardiomyopathies: from genetics to 
the prospect of treatment. Lancet. 2001;358:1627–1637.

Discussion about the four types of cardiomyopathies with an in-depth review of 
the genetic alterations as well as the current approaches to therapy.

Kamisago M, Sharma SD, DePalma SR, et al. Mutations in sarcomere 
protein genes as a cause of dilated cardiomyopathy. N Engl J Med. 
2000;343:1688–1696.

Genetic causes of dilated cardiomyopathy are reviewed. Four family pedigrees 
are used to further understand the genetic transmission of the abnormal 
mutations.

Lowes BD, Gilbert EM, Abraham WT, et al. Myocardial gene expres-
sion in dilated cardiomyopathy treated with beta blocking agents. N Engl 
J Med. 2002;346:1357–1365

Study that reviews the value of β-blockers not only for symptom control in heart 
failure but also in altering the expression of myocardial genes that regulate 
contractility and pathologic hypertrophy.

Maisch B, Ristic AD, Hufnagel G, et al. Dilated cardiomyopathies as a 
cause of congestive heart failure. Herz. 2002;27:113–134.

Review of dilated cardiomyopathies with a summary of each one of the most 
common types as well as an approach to diagnosis and treatment.

Towbin JA, Bowles NE. The failing heart. Nature. 2002;415:227–233.

Review article that discusses molecular and genetic mechanisms of cardiomyopa-
thies. Approaches to diagnosis and therapy are discussed.



22 

Myocarditis

Daniel J. Lenihan

M yocarditis is an inflammatory process that can involve one 
or more components of the myocardium including car-

diomyocytes, the interstitium, and the coronary vasculature. 
This inflammatory process may result from infectious processes, 
responses to pharmacologic or toxic agents, hypersensitivity 
reactions, or physical damage. Myocarditis may also be a cardiac 
manifestation of a systemic disease.

The clinical course of myocarditis is as diverse as its etiolo-
gies. Most patients have a subclinical, self-limited course, but 
myocarditis may also have fulminant, acute, or chronic presenta-
tions. The burden of myocarditis as a clinical entity is difficult 
to ascertain, at least in part because of its diversity and the elu-
siveness of diagnosis; for similar reasons, the ideal diagnostic 
and therapeutic approach to myocarditis has been elusive. The 
future is likely to be more promising. Recent data have estab-
lished a causal link between the chronic effects of viral myocar-
ditis and dilated cardiomyopathy. New treatments for dilated 
cardiomyopathy and heart failure have focused on immuno-
modulating therapy partly based on this knowledge. Further 
elucidation of the pathogenesis of myocarditis will probably 
affect the management of left ventricular (LV) dysfunction and 
heart failure.

Etiology and PathogEnEsis

In North America and Europe, the majority of cases of myocar-
ditis probably result from viral infection. Many viruses have 
been associated with myocarditis (Box 22-1). Initial serologic 
studies suggested that enteroviruses, such as coxsackie B, are 
common causes of viral myocarditis. However, the application 
of direct molecular techniques to endomyocardial biopsy speci-
mens, and perhaps changing epidemiology, has led to increasing 
recognition of adenoviruses, parvovirus, and hepatitis C as  
etiologic agents. In HIV infection, there is often evidence of 
myocarditis when cardiac decompensation occurs, although  
it is unclear whether HIV or opportunistic infections are 
responsible.

The molecular mechanisms of myocardial injury in viral 
myocarditis remain incompletely understood. The initial phases 
of injury probably depend on viral attachment to myocytes  
and direct cell damage by the virus, resulting in myocyte necro-
sis. The finding of a common membrane receptor for adenovi-
ruses and coxsackieviruses supports this hypothesis and the 
preponderance of these viruses as causative agents. Following 
the initial injury, host immune response to the virus probably 
has an important role in myocardial injury. Animal models have 
shown that after the initial phase of entry and proliferation of 
the virus in the myocyte cytoplasm, inflammatory cells (includ-
ing natural killer cells and macrophages) infiltrate with subse-
quent release of proinflammatory cytokines. T lymphocytes are  
activated through classic cell-mediated immunity. Cytotoxic T 
cells recognize viral protein fragments on the cell surface in a 
major histocompatibility complex-restricted manner. Molecular 

mimicry can occur when antigens intrinsic to the myocyte cross-
react with viral peptides, inducing persistent T-cell activation. 
Cytokines, including tumor necrosis factor, interleukin (IL)-1, 
IL-2, and interferon γ have been identified as important media-
tors of chronic inflammatory disease. These cytokines can cause 
myocyte damage, resulting in fewer contractile units with a 
resulting worsening of systolic function. Autoantibodies to 
myocyte components are often found in patients with myocar-
ditis, although most studies measuring autoantibody levels were 
in patients with idiopathic dilated cardiomyopathy. Even so, it 
is likely that cellular immunity has more of a role in the patho-
genesis of myocarditis than does humoral immunity.

Rarely, bacterial infections, through spread from endogenous 
sources (Fig. 22-1), can produce focal or diffuse myopericarditis. 
One of the earliest recognized causes of myocarditis was diph-
theria. Up to 20% of diphtheria patients have cardiac involve-
ment, and myocarditis is the leading cause of death with this 
infection. The toxin produced by the diphtheria bacillus injures 
myocardial cells (Fig. 22-2). In South and Central America, the 
most common cause of infectious myocarditis is the protozoan 
Trypanosoma cruzi—the causative agent of Chagas’ disease.

Sarcoidosis, a systemic granulomatous disorder of unknown 
etiology, involves the myocardium in at least 20% of cases. 
Cardiac involvement ranges from a few scattered lesions to 
extensive involvement (Fig. 22-3). As a result, endomyocardial 
biopsy may be diagnostic but is frequently unreliable in con-
firming myocarditis. Giant cell myocarditis is a rare but highly 
lethal form of myocarditis of suspected immune or autoimmune 
etiology that may be associated with other inflammatory condi-
tions such as Crohn’s disease. Although the cumulative studies 
on immunosuppressive therapy for myocarditis are not positive 
(see below), the above causes of myocarditis do often respond 
to immunosuppression. Peripartum cardiomyopathy has been 
associated with a greater than 50% rate of myocarditis on endo-
myocardial biopsy, although the etiology remains unknown.

Hypersensitivity reactions resulting in myocarditis are char-
acterized by eosinophilia and a perivascular infiltration of the 
myocardium by eosinophils and leukocytes. Any drug may cause 
hypersensitivity myocarditis, but clinically this condition is 
rarely recognized. Therefore, a high index of suspicion should 
be maintained.

There are also a number of medications and toxins that can 
cause myocarditis. Cocaine use, for instance, produces myocyte 
necrosis—mostly from profound sympathetic overstimulation. 
Anthracyclines (used as chemotherapeutic agents) are direct 
myocardial toxins with a dose-dependent effect that can pro-
foundly affect the heart, even at low doses.

CliniCal PrEsEntation

The clinical course of a patient with myocarditis is variable. In 
up to 40% of patients, the disease is self-limited (Box 22-2). 
Some patients have a defined prodromal viral illness with fever 
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Box 22-1 Selected Etiologies of Myocarditis*

infectious

Viral (coxsackievirus, adenovirus, HIV, hepatitis C, 
parvovirus)

Bacterial (meningococcus, Corynebacterium diphtheriae)
Protozoal (Trypanosoma cruzi)
Spirochetal (Borrelia burgdorferi)
Rickettsial (Rickettsia rickettsii)
Parasitic (Trichinella spiralis, Echinococcus granulosus)
Fungal (Aspergillus, Cryptococcus)

inflammatory diseases

Sarcoidosis
Giant cell myocarditis
Scleroderma
Systemic lupus erythematosus
Hypersensitivity reactions
Serum sickness (antibiotics, tetanus toxoid, 

acetazolamide, phenytoin)

toxic Exposures

Cocaine
Anthracyclines

* Examples are shown in each category, but this is not an 
all-inclusive list.

Figure 22-1 Septic myocarditis and myopericarditis.

Major foci of origin

Heart serially sectioned, revealing multiple intramural
and subepicardial abscesses with pericarditis

Abscess in heart muscle. Central mass of
bacteria surrounded by leukocytes,
destroyed muscle, and dilated blood vessels

Mastoiditis

Tonsillitis,
septic sore throat

Carbuncle

Cardiac catheterization

Staphylococcal 
enteritis
Omphalitis

Appendicitis
Peritonitis
Septic endometritis
Surgical-wound infection
Hand infection
Osteomyelitis

and arthralgia. Often cardiac symptoms are nonspecific and 
include fatigue, dyspnea, and chest pain with pleuritic features. 
Other patients present more acutely with progressive cardiac 
decompensation from heart failure and require intensive support. 
In some instances, the presentation of patients with focal myo-
carditis mimics that of acute myocardial infarction (MI)—but 
with normal coronary arteries. Patients may present with symp-
toms of arrhythmia, including palpitations or syncope. Sudden 
death may also occur with myocarditis and is presumed to be 
secondary to arrhythmia, because even focal inflammation in the 
cardiac conduction system can be significant. Chronic immune-
mediated myocardial injury, or persistent myocyte viral gene 
expression, may cause progressive dilatation and resultant  
LV dysfunction after the resolution of a clinically apparent or 
subclinical illness.

Physical findings in mild cases of infectious myocarditis may 
include low-grade fever, and a pericardial friction rub may be 
audible. Physical features of the underlying etiology, such as 
erythema nodosum (sarcoidosis) and erythema chronica migrans 
(Lyme disease), can be important clues in determining the cause 
of myocarditis and should be elicited. If heart failure is evident, 
there may be a third heart sound, jugular venous distention, or 
evidence of pulmonary edema. Sinus tachycardia is usually 
prominent and out of proportion to temperature elevation.



CHAPTER 22 • Myocarditis 183

Figure 22-2 Diphtheritic and viral myocarditis.

Diphtheritic myocarditis
Viral myocarditis

Cardiac dilation 
and mural thrombosis

Toxic destruction
of muscle cells
with secondary
reaction (× 100) Coxsackie group B virus

infection. Diffuse and patchy
interstitial edema; cellular
infiltration with only
moderate muscle fiber
destruction (× 100)

Diffuse cellular infiltration of bundle
of His and right and left bundle
branches (� 100)

Figure 22-3 Myocarditis in sarcoidosis and scleroderma.

Granuloma with giant cell in heart wall

Brain + (15%)

Eyes ++ (20%)

Nasal and pharyngeal
mucosa, tonsils + (10%)

Salivary glands + (1%)
Lymph nodes 
++++ (80%)
Lungs ++++ (80%)
Heart ++ (20%)

Liver ++++ (70%)

Spleen
++++ (70%)

Skin ++ (30%)

Bones ++ (30%)

Relative frequency of organ involvement in sarcoidosis

Extensive fibrosis between and around
cardiac muscle fibers and in arterial wall,
with only moderate lymphocytic and 
histiocytic infiltration 

Sarcoidosis

Scleroderma

Perivascular infiltration, chiefly
of histiocytes in cardiac interstitium
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Box 22-2 Clinical Presentations of Myocarditis

• Unexplained fever or viral syndrome
• Asymptomatic LV dysfunction
• Symptomatic LV dysfunction
• Acutely decompensated heart failure
• Acute MI with normal coronaries
• Sudden cardiac death
• Arrhythmias

LV, left ventricular; MI, myocardial infarction.

diFFErEntial diagnosis

The differential diagnosis of myocarditis depends mainly on the 
presentation of the illness. Many illnesses are potentially impli-
cated with or are thought to be causal of myocarditis (see Boxes 
22-1 and 22-2). In terms of other causes of LV dysfunction or 
heart failure, the more common causes include long-standing 
hypertension, coronary artery disease, valvular heart disease,  
or inherited cardiomyopathy. Myocarditis, with evidence of  
LV dysfunction, is typically a diagnosis of exclusion after the 
other myriad causes of the clinical presentation have been 
considered.

diagnostiC aPProaCh

Few reliable diagnostic tests are available for myocarditis; there-
fore, clinical suspicion is vital (Box 22-3). Creatine kinase-MB 
fraction and cardiac troponin I and troponin T concentrations 
are often increased, confirming the presence of myocardial cell 
injury. There may be evidence of a systemic infection with an 
increased white blood cell count and sedimentation rate. Blood 
cultures may confirm a bacterial etiology, but in viral infections 
this is frequently not possible. Acute and convalescent titers for 
viruses (such as coxsackie B and Epstein-Barr) may provide some 
evidence of recent infection, especially if there is a two- to 
fourfold increase in neutralizing antibody titers to a virus (or 
spirochetes in the case of Lyme disease). Other laboratory 
testing may confirm a systemic immunologic disease associated 
with myocarditis, such as sarcoidosis (angiotensin-converting 
enzyme [ACE] level) or connective tissue diseases (antinuclear 
antibodies). Typical ECG findings include nonspecific ST- 
segment and T-wave abnormalities, atrial and ventricular 
arrhythmias, atrioventricular blocks, widened QRS complexes 
from intraventricular conduction delays, and, rarely, Q waves. 
Intraventricular conduction abnormalities are associated with 
diffuse myocarditis and often predict a poor prognosis. As noted, 
some patients with myocarditis present with classic ECG find-
ings of MI but have normal coronary arteries. There are no 
specific radiographic findings in myocarditis; however, findings 
of cardiomegaly or pulmonary edema are often present. Echo-
cardiography is useful to assess the global and regional LV 
function, as well as diastolic filling abnormalities. Echocardiog-
raphy can also demonstrate findings resulting from myocarditis, 
including increased wall thickness, ventricular thrombi, valvular 
abnormalities, and pericardial involvement. Cardiac catheteriza-
tion may exclude the presence of coronary disease or confirm 
the hemodynamic disturbances of heart failure. Nuclear imaging 
techniques, such as antimyosin antibody scanning, can identify 

Box 22-3 Diagnostic Testing Useful to Establish 
the Diagnosis of Myocarditis

• Cardiac markers (CK-MB and troponins)
• Serologic tests for viral, spirochetal, or parasitic 

etiologies
• Blood cultures (for infectious causes)
• Markers of inflammation or underlying inflammatory 

disease (erythrocyte sedimentation rate, antinuclear 
antibodies, ACE level)

• Echocardiography
• Endomyocardial biopsy
• Cardiac catheterization
• Nuclear and magnetic resonance imaging

ACE, angiotensin-converting enzyme; CK-MB, creatine kinase MB 
fraction.

myocardial inflammation but are not widely available. MRI may 
detect tissue alterations associated with myocarditis, and recent 
data suggest that contrast-enhanced images may be a preferred 
test (Fig. 22-4).

The only gold standard to confirm myocarditis is endomyo-
cardial biopsy. This method has a small, defined risk to the 
patient, as well as disparities in interpretation. An expert panel 
of cardiac pathologists formulated the Dallas criteria to stan-
dardize the histologic diagnosis of myocarditis on endomyocar-
dial biopsy. They concluded that the histologic hallmark of 
myocarditis is an inflammatory myocardial infiltrate with associ-
ated evidence of myocytolysis. Borderline myocarditis was 
defined as an inflammatory infiltrate without clear evidence of 
myocyte necrosis. The positive predictive value of endomyocar-
dial biopsy using these criteria is low (10%); however, it can be 
marginally increased with more samples. These criteria proba-
bly underestimate the true incidence of myocarditis. Because 
there can be sampling error due to nonuniformity of myocardi-
tis throughout the myocardium or patchy infiltrates as well as 
interobserver variability in interpretation, a negative result does 
not exclude the diagnosis of myocarditis. Confirming the pres-
ence of viral genomes by polymerase chain reaction or in situ 
hybridization is a relatively new development that has the 
potential for significant improvement of diagnosis and assess-
ment of prognosis. Promising studies on the use of MRI for the 
diagnosis of myocarditis have also recently been reported.

ManagEMEnt and thEraPy

Optimum Treatment

NONPHARMACOLOGIC THERAPy

The treatment of patients with myocarditis is largely supportive. 
Activity should be restricted to bed rest or a minimal amount 
until active myocarditis is resolved. At least in animal models of 
myocarditis, exercise during an active period of cardiac inflam-
mation results in increased myocardial damage. Athletes should 
refrain from sports for a 6-month period until heart size and 
function have returned to normal. Those with arrhythmias 
should refrain from athletic activities until the arrhythmias 
resolve. Salt restriction (typically emphasized in the manage-
ment of heart failure) should be recommended for this 
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Figure 22-4 Short-axis imaging. LV, left ventricle; RV, right 
ventricle.

(A) White blood: Short-axis MRI of the heart shows normal
wall thickness and wall motion throughout the left ventricle.
(Courtesy of G. Gladish, MD.)

(B) Delayed enhancement: Short-axis myocardial delayed
enhancement image shows hyperenhancement (arrow) in the
midwall of the anterolateral segment of the left ventricle. There
is also patchy midwall enhancement of the septum. (Courtesy
of G. Gladish, MD.)

RV LV
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population, especially in patients with LV systolic dysfunction. 
In the rare cases that progress to severe heart failure, supportive 
care may include an LV-assist device or even cardiac transplan-
tation. All unnecessary medications should be eliminated because 
of the potential that one may be responsible for a hypersensitiv-
ity reaction resulting in myocarditis.

PHARMACOLOGIC THERAPy

The etiology established in a patient with myocarditis dictates 
the specific treatment plan. For instance, in myocarditis caused 
by diphtheria, antitoxin should be administered immediately 
upon confirmation of the diagnosis. In the treatment of Lyme 
myocarditis, antibiotic therapy is used, although its efficacy is 
not established. Efforts at treatment of Chagas’ disease have 
focused on vector control and immunoprophylaxis.

Patients with dilated cardiomyopathy secondary to myocar-
ditis are treated with conventional therapies for LV dysfunction, 
including ACE inhibitors, β-blockers, diuretics for volume 
overload, spironolactone for severe heart failure, and digoxin if 
symptoms persist. During the acute phase of myocarditis, 
digoxin should be used with caution based on the notion that 
there is an increased sensitivity to digitalis in myocarditis and, 
hence, an increased likelihood of digitalis toxicity.

Immunosuppressive Therapy

Because the long-term effects of viral myocarditis are believed 
to be due in part to immune-mediated mechanisms, immuno-
suppressive therapy has been studied. The multicenter, U.S. 
National Institutes of Health–sponsored Myocarditis Treat-
ment Trial evaluated the role of immunosuppressive therapy 
using prednisone with either cyclosporine or azathioprine in 
those with endomyocardial biopsy-proven myocarditis and an 
LV ejection fraction less than 45%. There was no significant 
change in LV ejection fraction at 28 weeks and no survival dif-
ference between those treated with immunosuppression and 
controls in this prospectively randomized study. Smaller studies 
evaluating the role of intravenous immunoglobulins (IVIGs) 
provided mixed results in myocarditis, but a large-scale random-
ized study failed to demonstrate a significant effect. Therefore, 
until evidence is presented with randomized placebo-controlled 
studies of IVIG in the treatment of acute myocarditis, IVIG 
therapy should be considered only when the likelihood of 
benefit is greater, such as in systemic autoimmune disease or 
biopsy-proven myocarditis with decompensation.

Avoiding Treatment Errors

If myocarditis is suspected, exercise should be minimized until 
the acute phase of illness is resolving, as has been shown by 
animal research. Efforts to uncover the underlying cause should 
be pursued, since treatments may differ depending on the etiol-
ogy. The treatment of heart failure in any individual patient 
should be based on standard therapy for heart failure, but 
caution should be used when adding digoxin.

FuturE dirECtions

Future therapy for myocarditis will probably be directed at the 
specific mechanisms of myocardial injury. The common pathway 
for many causes of myocarditis is the host immune response, so 
antiviral drugs and virus-specific vaccines may well prove to be 
efficacious.

Immune-modulating therapy for heart failure is also  
under active investigation based on the hypothesis that these 
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treatments may have a role in myocarditis or even idiopathic 
dilated cardiomyopathy. Proinflammatory cytokines may con-
tribute to disease progression in heart failure by their direct 
toxic effects on the heart. Several studies suggest that tumor 
necrosis factor α, a cytokine with negative inotropic properties, 
is potentially an important therapeutic target for heart failure 
patients, especially those with more severe decompensation. 
Although inhibitors of tumor necrosis factor α have been inves-
tigated in treating heart failure from LV dysfunction in initial 
studies, follow-up large-scale studies did not demonstrate 
benefit. Given the large number of potential etiologies of  
myocarditis, it could well be the case that some etiologies of  
the disease respond to immunomodulation while others do  
not. Further studies, with more accurate pre-enrollment  
characterization of the underlying etiology, should address this 
issue. Other forms of immunomodulating therapy, including 
plasma exchange and immunoabsorption, are also being inves-
tigated and perhaps may prove to be useful adjuncts to estab-
lished therapy.
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Management of Heart Failure

Carla S. Dupree

H eart failure (HF) is a complex clinical syndrome that can 
result from any structural or functional cardiac disorder 

that impairs the ability of the ventricle to fill with (diastolic HF) 
or eject (systolic HF) blood. Most commonly, HF results from 
myocardial muscle dysfunction with accompanying dilation or 
hypertrophy of the left ventricle (LV), remodeling, and neuro-
hormonal activation.

There are an estimated 23 million people with HF world-
wide. In the United States, the prevalence is high. An estimated 
5.3 million Americans have HF, and 660,000 new cases of HF 
are diagnosed per year. The incidence of HF increases signifi-
cantly with age. HF results in over 1 million hospitalizations 
annually and is the most common cause of hospitalization for 
patients aged 65 years and older. The annual health care cost of 
patients with HF is projected to exceed $34 billion in 2008. 
With appropriate therapy, patients with HF can be stabilized 
and have significant improvement in their symptoms. However, 
despite therapeutic advances, the mortality rate is high, about 
50% at 5 years. HF is recorded in one out of every eight death 
certificates. It is likely that the broader use of evidence-based 
approaches for the treatment of patients with HF will lead to 
reduction in mortality. More aggressive efforts for risk factor 
modification, especially for coronary heart disease risk factors, 
are of importance given that HF following myocardial infarction 
(MI) is common. Studies have demonstrated that treating 
hypertension, vascular disease, or high-risk diabetics signifi-
cantly reduces the incidence and development of HF.

Risk factors for developing HF include a history of athero-
sclerotic vascular disease, smoking, hypertension, diabetes, 
obesity, valvular disease, hyperlipidemia, physical inactivity, 
excessive alcohol intake, exposure to cardiotoxins, family history 
of cardiomyopathy, and sleep-disordered breathing.

The American College of Cardiology/American Heart  
Association update in 2005 presented a new combined clinical 
and pathophysiologic classification for HF based on four stages:

A, high risk for developing HF
B, asymptomatic with myocardial dysfunction
C, prior or current symptoms with myocardial dysfunction
D, refractory, end-stage

The focus of this chapter is on those individuals who do have 
evidence of myocardial dysfunction or HF—patients in stages 
B, C, and D.

Etiology and PatHogEnEsis

Coronary artery disease (CAD) accounts for 50% of the  
incidence of HF worldwide. Patients with a previous MI can 
develop both decreased systolic performance and diastolic 
impairment due to interstitial fibrosis and scar formation. 
Hibernating myocardium due to severe CAD can also cause 

systolic HF, which is potentially reversible with revasculariza-
tion. Hypertension is a common cause of HF, especially in 
African Americans and older women. Valvular heart disease 
accounts for approximately 10% to 12% of cases of HF. A 
common cause of initially unexplained HF (following exclusion 
of CAD) is idiopathic cardiomyopathy. Familial cardiomyopa-
thies may account for up to one third of cardiomyopathies 
thought to be idiopathic. Other etiologies of dilated cardiomy-
opathy (Chapter 18) include thyroid disease, chemotherapy 
(anthracyclines, e.g., doxorubicin and trastuzumab [Herceptin]), 
myocarditis (Chapter 22), infection due to HIV, diabetes, 
alcohol, cocaine, connective tissue disease, systemic lupus ery-
thematosus, peripartum cardiomyopathy, and arrhythmias. 
Hypertrophic (Chapter 19) and restrictive (Chapter 20) cardio-
myopathies can cause HF, but this is less common.

Systolic Heart Failure

Systolic HF (ejection fraction [EF] = 40%) results in a reduction 
in cardiac output that is perceived as “hypovolemia” by the 
kidneys and triggers activation of the renin-angiotensin-aldoste-
rone system (RAAS). With RAAS activation, salt and water 
retention occurs. Initially, this results in increased preload, tran-
siently improving cardiac output. Over longer periods of time, 
chronic activation of the RAAS results in volume overload and 
symptoms of HF. Declining blood pressure due to decreased 
cardiac output also triggers activation of the sympathetic nervous 
system. Increased levels of angiotensin II, aldosterone, catechol-
amines, endothelin, and vasopressin result in systemic vasocon-
striction. The short-term benefit of vasoconstriction—increased 
perfusion of critical organs—is followed by worsening HF due 
to chronically increased LV afterload. Sympathetic nervous 
system activation can also precipitate ventricular arrhythmias, a 
common cause of death in patients with HF.

HF generally follows an injury to the myocardium (due  
to ischemia, a toxic effect, or an increased volume or pressure 
load on the LV). LV remodeling, a maladaptive response, 
follows, with resulting changes in cardiac size, shape, and func-
tion (Fig. 23-1). Myocyte length increases, with a resulting 
increase in chamber volume, which preserves stroke volume. 
Myocyte hypertrophy can also occur, along with a loss of myo-
cytes due to apoptosis or necrosis, and fibroblast proliferation 
and fibrosis. The heart remodels eccentrically in systolic HF, 
becoming less elliptical and more spherical and dilated. The 
mitral valve annulus often becomes dilated, resulting in mitral 
regurgitation and further increased wall stress.

The success of angiotensin-converting enzyme inhibitors 
(ACE-Is), angiotensin II receptor blockers (ARBs), β-blockers, 
and aldosterone antagonists in reducing mortality in patients 
with HF is in large part due to their ability to block neurohor-
monal activation and subsequently attenuate and even reverse 
remodeling.
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Figure 23-1 Cardiac remodeling secondary to volume overload. LA, left atrium; LV, left ventricle; RA, right atrium; 
RV, right ventricle.
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Diastolic Heart Failure

Diastolic heart failure (DHF) is characterized by normal LV 
volume, concentric remodeling, normal LV systolic function, 
and abnormalities of diastolic function. DHF accounts for 40% 
to 50% or more of HF cases. DHF affects older patients, espe-
cially women. Ischemic heart disease and hypertension are the 
most common causes of isolated DHF. In the typical patient 
with DHF, the ventricular size is normal. However, if DHF 
occurs as a result of mitral or aortic valve regurgitation, or 
because of a high-output state (such as anemia or thiamine 
deficiency), ventricular dilation may be present. The morbidity 
and mortality of patients with DHF is similar to that of patients 
with HF due to systolic dysfunction.

Hypertrophic and restrictive cardiomyopathies can result in 
a clinical presentation consistent with DHF (see Chapters 19 

and 20), as can constrictive pericarditis. Indeed, distinguishing 
these entities can be difficult, requiring extensive noninvasive 
and invasive hemodynamic assessment.

DHF is generally characterized by a normal end-diastolic 
volume, hypertrophy of the cardiomyocytes, and increased  
wall thickness resulting in a concentric pattern of LV remodel-
ing as compared with the increased cardiomyocyte length, 
increased end-diastolic volume, and eccentric remodeling  
seen in systolic HF (Fig. 23-2). There is increased extracellular 
matrix, abnormal calcium handling, and activation of the RAAS 
and sympathetic nervous system. Together, these pathophysi-
ologic changes result in impaired ventricular relaxation, high 
LV diastolic pressure, high left atrial filling pressures, and 
resulting symptoms and signs of HF.

Figure 23-2 Diastolic heart failure due to hypertension. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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Figure 23-3 Left heart failure and pulmonary edema.
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CliniCal PrEsEntation

The presentation of patients with HF includes signs and symp-
toms of pulmonary congestion, systemic fluid retention, exercise 
intolerance, or inadequate organ perfusion. Symptoms include 
dyspnea on exertion, exercise intolerance, orthopnea, paroxys-
mal nocturnal dyspnea, cough, chest pain that may or may not 
represent angina, weakness, fatigue, volume overload or pulmo-
nary hypertension, nocturia, insomnia, depression, and weight 
gain. Patients with end-stage disease may also complain of 
nausea, abdominal pain, oliguria, confusion, and weight loss. 
Physical examination findings that should be assessed include 
jugular venous pressure, rales, wheezing, pleural effusion, dis-
placed point of maximal intensity, right ventricular heave, 
increased intensity of P2 due to pulmonary hypertension, S3, S4, 
murmurs, hepatomegaly, hepatojugular reflux, low-volume 
pulses, and peripheral edema. Patients with end-stage disease 
may also exhibit pulsus alternans, ascites, cool, pale extremities, 
and cachexia.

The clinical presentation may be indistinguishable between 
patients with systolic and diastolic HF (Fig. 23-3). The cardiac 
silhouette is usually enlarged in both circumstances, with cardio-
megaly due to ventricular dilation in systolic HF and from hyper-
trophy in patients with DHF. An assessment of LV function is 
essential for determining the appropriate approach to therapy.

diFFErEntial diagnosis

The difficulty in arriving at a new diagnosis of HF lies in its 
vague symptoms and examination mimickers (Box 23-1). 

Box 23-1 Differential Diagnosis

Myocardial ischemia
Pulmonary disease
Sleep-disordered breathing
Obesity
Deconditioning
Thromboembolic disease
Anemia
Hepatic failure
Renal failure
Hypoalbuminemia
Venous stasis
Depression
Anxiety and hyperventilation syndromes

Symptoms of dyspnea and exercise intolerance can be attributed 
to many diagnoses: lung disease (including chronic obstructive 
lung disease, reactive airways diseases, thromboembolic pulmo-
nary disease, and pulmonary hypertension), thyroid disease, 
arrhythmias, anemia, obesity, deconditioning, and cognitive dis-
orders. Signs of volume overload are not specific to HF. Sodium-
avid states of nephrosis and cirrhosis, as well as pericardial 
disease, can present with similar findings of jugular venous dis-
tention, hepatomegaly, and edema.

diagnostiC aPProaCH

The diagnosis is made by taking a careful history, performing a 
directed examination, and assessing systolic and diastolic ven-
tricular function. Laboratory evaluation (electrolytes, glucose, 
calcium, magnesium, lipid profile, complete blood count, 
albumin, liver functions tests, urinalysis, thyroid function), 
ECG, CXR, and pulmonary function testing will eliminate most 
noncardiac diagnoses.

Additional directed tests include iron studies (ferritin  
and total iron binding capacity) to screen for hereditary hemo-
chromatosis, antinuclear antibody and other serologic tests for 
lupus, viral serologies and antimyosin antibody if myocarditis is 
suspected, evaluation for pheochromocytoma, serum protein 
electrophoresis, urine protein electrophoresis, and thiamine, 
carnitine, and selenium levels.

Measurement of serum brain natriuretic peptide (BNP 
>400 pg/mL) or N-terminal prohormone BNP (pro-BNP 
>450 pg/mL in individuals younger than 50 years, >900 pg/mL 
in individuals 50–75 years old, or >1800 pg/mL in patients 
over 75 years old) can be very helpful in the acute setting.  
These markers correlate with elevated filling pressures and are 
particularly helpful in the evaluation of patients with dyspnea. 
Although an elevated BNP or pro-BNP level does not rule out 
pulmonary causes of dyspnea, normal levels (BNP <100 pg/mL 
or proBNP <300 pg/mL) argue against HF as the predominant 
cause of dyspnea. Even though levels are generally higher in 
cases of systolic HF, these tests cannot distinguish between 
systolic and DHF.

Determining the Type and Degree  
of Left Ventricle Dysfunction

Echocardiography is the most common method for initial 
assessment of LV function. EF, valve function, hypertrophy, 
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Figure 23-4 Echo-Doppler criteria for assessment of diastolic function. From Bursi F, Weston SA, Redfield MM, et al: Systolic and 
diastolic heart failure in the community. JAMA; 2006:296(18):2209–2216. Copyright American Medical Association.
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and diastolic function can all be assessed. Most patients with 
DHF have impaired LV relaxation, with or without a quantifi-
able reduction in LV compliance, and preserved EF. The most 
reproducible and validated method of diagnosing diastolic dys-
function combines echocardiographic two-dimensional M-mode 
Doppler measurements of mitral valve inflow with the sensitive, 
relatively load-independent measure of LV relaxation (e´ veloc-
ity) obtained by tissue Doppler imaging of the mitral annulus. 
This approach has resulted in four classifications of diastolic 
function: normal, mild dysfunction (impaired relaxation, normal 
filling pressure), moderate dysfunction (impaired relaxation or 
pseudonormal with moderately elevated filling pressure), and 
severe dysfunction (restrictive) (Fig. 23-4). Reversibility can be 
determined with the Valsalva maneuver. An E/e´ ratio that 
exceeds 15 correlates with elevated filling pressure.

Radionuclide ventriculography can be used to determine EF 
in obese patients and in those with significant chronic obstruc-
tive pulmonary disease. The first-pass technique can quantify 
right ventricular EF as well. Cardiac MRI is a newer imaging 
modality that allows very accurate assessment of LV function 
(and EF) in all patients, provides an assessment of myocardial 
viability, and can identify infiltrative disease. In recent years it 
has become clear that there is a risk in gadolinium administra-
tion to patients with moderate to severe kidney disease, which 
is common in HF, including patients on dialysis. In these 
patients, gadolinium administration is associated with the severe 
syndrome of nephrogenic systemic fibrosis. Therefore, gado-
linium administration should be avoided in these patients. Pace-
makers and defibrillators are contraindications for MRI.

Defining the Etiology of Heart Failure

The degree of reversibility and, hence, the progression and 
management of HF differ depending on the underlying cause. 
Many underlying causes of HF are largely reversible. Treatment 
of uncontrolled hypertension, thyroid disease, and active isch-
emia may result in significant improvement in LV function. 
However, the prognosis is worse in patients with prior 

transmural MI and systolic dysfunction; patients who are older, 
are male, have right ventricular dysfunction and a marked 
reduction in LV systolic function; and patients who have hypo-
natremia, anemia, high BNP levels, elevated troponin, renal 
dysfunction, or New York Heart Association (NYHA) class III 
or IV HF.

Ischemic heart disease should be excluded in every patient, 
because revascularization of hibernating myocardium can result 
in significant improvement in systolic function. Focal wall 
motion abnormalities most commonly indicate CAD, but not 
always. However, global LV dysfunction does not rule out an 
ischemic cause and the presence of coronary stenoses amenable 
to revascularization. Testing options include cardiac catheter-
ization and exercise or pharmacologic echocardiographic or 
nuclear stress testing. Patients with left bundle branch block 
should not be evaluated with stress echocardiography because 
the conduction delay can result in a false-positive test result. 
Newer imaging techniques include CT angiography, which can 
identify CAD; cardiac MRI, which can also provide assessment 
of viability; and PET, which provides both myocardial perfusion 
and viability.

Determining NYHA classification is important for assessing 
prognosis, for medical management, as an indication for device 
placement, and for longitudinal follow-up and evaluation of 
response to therapy.

ManagEMEnt and tHEraPy

As a first step, it is important to correct precipitating factors, 
such as dietary noncompliance, ischemia, uncontrolled hyper-
tension, atrial fibrillation, hypoxemia, thyroid disease, anemia, 
and the presence and causes of medication nonadherence, 
including financial indigence. An overall approach to manage-
ment is presented in Figure 23-5.

Revascularization should be considered in ischemic patients. 
Observational studies suggest that patients with reversible  
ischemia, even with marked systolic dysfunction, improve  
with revascularization. The largest and best designed study to 
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Figure 23-5 Algorithm for management of heart failure. ACE-I, angiotensin-converting enzyme inhibitors; ARB, angiotensin II 
receptor blockers; ASA, aspirin; BB, β-blocker; BP, blood pressure; CAD, coronary artery disease; CRT, chronic 
resynchronization therapy; echo, echocardiogram; EF, ejection fraction; HF, heart failure; ICD, implantable defibrillator; 
LV, left ventricle; LVAD, left ventricular assist device; MI, myocardial infarction; MRI, magnetic resonance imaging; 
NYHA, New York Heart Association (class); PUFA, polyunsaturated fatty acids; QRS, QRS interval; Rx, treat;  
sx, symptoms; TP, transplant. *Diastolic heart failure is also referred to as heart failure with preserved ejection  
fraction (HFpEF).
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date, the U.S. National Institutes of Health–sponsored Surgical 
Treatment for IsChemic Heart failure (STICH) trial will  
ultimately demonstrate whether revascularization is superior  
to medical therapy for patients with ischemic cardiomyopathy 
and markedly depressed LV systolic function. Notably, the 
STICH trial also proposed that surgical restoration of ventricu-
lar size and shape will improve outcomes in the study popula-
tion. The results of this portion of the study are already available 
and do not support the above hypothesis. In patients with ante-
rior hypokinesia, no additional benefit was observed with surgi-
cal ventricular reconstruction plus coronary artery bypass 
grafting (CABG) compared to CABG alone. Follow-up is 
ongoing in hypothesis one, comparing revascularization to 
medical therapy.

Optimum Treatment for Systolic  
Heart Failure

For systolic HF, blockade of the RAAS with ACE-I or ARB 
therapy is recommended in all patients. Improved survival, 
decreased frequency of hospitalization, and improved quality of 
life have been demonstrated in patients with NYHA classes I to 
IV HF and in post-MI patients treated with target doses of 
ACE-Is or ARBs (Table 23-1). Contraindications to ACE-I 
or ARB therapy include moderate to severe aortic stenosis, bilat-
eral renal artery stenosis, and hyperkalemia (K >5.5 mmol/L). 
ACE-I therapy can cause intractable cough or, rarely, angio-
edema. An ARB can generally be substituted for ACE-I therapy, 
and several studies indicate that ARB therapy is efficacious  
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table 23-1 Drug Therapy for Systolic Heart Failure

Medication starting dose target dose

angiotensin-Converting Enzyme inhibitors

Generic
Enalapril 2.5 mg twice 

daily
10 mg twice 

daily
Lisinopril 2.5–5 mg/day 20–40 mg/day
Ramipril 1.25–2.5 mg/day 10 mg/day
Trandolapril 1 mg/day 4 mg/day
Fosinopril 5–10 mg/day 40 mg/day
Quinapril 5 mg twice daily 20 mg twice 

daily
Captopril 6.25 mg 3 times 

daily
50 mg 3 times 

daily

Nongeneric
Perindopril 2 mg/day 8–16 mg/day

angiotensin receptor Blockers (all nongeneric)
Valsartan 20–40 mg twice 

daily
160 mg twice 

daily
Candesartan 4–8 mg/day 32 mg/day
Losartan 25 mg/day 50–100 mg/day

β-blockers

Generic
Bisoprolol* 1.25 mg/day 10 mg/day
Carvedilol* 3.125 mg twice 

daily
25–50 (>85 kg) 

mg twice 
daily

Metoprolol succinate 
ER*

12.5–25 mg/day 200 mg/day

Metoprolol tartrate 12.5–25 twice 
daily

100 mg twice 
daily

Nongeneric
Carvedilol-CR* 10 mg/day 80 mg/day

aldosterone antagonists

Generic
Spironolactone 12.5–25 mg/day 25–50 mg/day
Eplerenone 12.5–25 mg/day 25–50 mg/day

nitrate + Hydralazine

Generic
Isosorbide dinitrate 10–20 mg 3 

times daily
40–60 mg 3 

times daily
Hydralazine 10–25 mg 3 

times daily
75–100 mg 3 

times daily

Nongeneric
Bidil (20 mg/37.7 mg) 1

2 –1 tablet 3 
times daily

2 tablets 3 
times daily

digoxin (generic) 0.125 mg/day 0.125 mg/day

in this population. If the reason for discontinuation of  
ACE-I therapy was angioedema, it is important to recognize 
that, though very rare, angioedema has been reported with ARB 
therapy. Both agents have an equivalent effect on renal function. 
In patients with significant renal dysfunction and hyperkalemia 
(K >5.5 mmol/L), the combination of isosorbide dinitrate 
(160 mg daily in four divided doses) and hydralazine (300 mg 
daily in four divided doses) is an alternative, although not as 
effective as ACE-I therapy. All patients with CAD should be 

treated with aspirin (81–325 mg/day) unless there is a contrain-
dication. Patients who have had percutaneous intervention 
should also be treated with clopidogrel.

β-blockers should be added to ACE-I therapy in all patients 
who do not have evidence of fluid overload. Improved survival 
and EF and reductions in sudden death and hospitalizations 
have been demonstrated in patients with NYHA class II to IV 
symptoms and in all post-MI patients at target doses (see Table 
23-1). Contraindications include severe reactive airway disease 
in patients receiving inhaled daily β-agonists, severe bradycar-
dia, or advanced heart block. β-blockers should be started at a 
low dose and titrated every 2 weeks. Most patients require 
diuretic therapy during β-blocker initiation and may require 
up-titration to prevent fluid overload. β-blockers should not be 
initiated or titrated in patients showing volume overload; these 
patients should be treated for fluid overload first. Side effects 
(transient fatigue, weight gain, and diarrhea) are more common 
with the first few doses. If patients have difficulty tolerating the 
drug, dose titration can be slowed by increasing the time 
between titrations, increasing the dose by a smaller amount, or 
increasing the evening dose first in patients on twice-daily 
dosing. Although target doses should be the goal, lower doses 
(i.e., carvedilol 6.25 mg twice daily) also confer a mortality and 
morbidity benefit. Studies indicate that at least 80% of patients 
tolerate β-blocker therapy. ACE-I and β-blocker up-titration 
can be alternated, rather than titrating ACE-I to the target dose 
before adding a β-blocker. β-blockers can be safely added during 
hospitalization once the patient is euvolemic. The OPTIMIZE-
HF Hospital Registry demonstrated a significantly lower 60- to 
90-day post-discharge mortality rate in patients who were newly 
started or continued on a β-blocker as compared with patients 
who had never received a β-blocker. Patients whose β-blocker 
was stopped during the hospitalization and not restarted before 
discharge had the highest mortality rate, 2.3-fold higher as com-
pared with patients who continued to receive a β-blocker.

Aldosterone antagonists should be added to therapy in 
patients with NYHA class III (previously class IV) chronic HF 
and in post-MI patients with an EF less than 40%. Therapy 
should only be initiated in patients whose potassium is less than 
5 mmol/L, serum creatinine 2.5 mg/dL or less, and creatinine 
clearance above 30 mL/min. The serum potassium level often 
increases with treatment, especially in diabetic and older 
patients, and regular monitoring is necessary. Potassium and 
creatinine should be reassessed at least 1 week and 1 month after 
initiation or change in dose.

The combination of isosorbide dinitrate and hydralazine 
added to standard therapy of an ACE-I or ARB and β-blocker 
therapy may provide an additional mortality and morbidity 
benefit in NYHA class III and IV African American patients. 
The target doses in the A-HeFT Trial were isosorbide dinitrate, 
40–60 mg three times daily, and hydralazine, 75–100 mg three 
times daily.

Diuretics such as hydrochlorothiazide, furosemide, and 
bumetanide are prescribed in most patients to alleviate fluid 
overload. Because they activate the RAAS, the minimal effective 
dose should be used. In patients with severe HF, combination 
therapy (a loop diuretic and hydrochlorothiazide or metolazone) 
can be used, but potassium and magnesium levels must be care-
fully monitored.

*Preferred.
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Digoxin reduces hospitalization and improves symptoms. 
However, there is no survival benefit. Higher serum concentra-
tion (1.2 ng/mL or greater) is associated with poor outcome. 
Therefore, low-dose digoxin, generally 125 µg daily, is recom-
mended, with a target concentration of less than 1 ng/mL. 
Digoxin doses should be reduced by half and monitored closely 
if amiodarone or warfarin is initiated.

Nitrates reduce preload and are prescribed as antianginal 
agents. At higher doses, systemic and pulmonary vasodilatation 
occurs. Nitrate tolerance can be prevented acutely by increasing 
the dose and long term by allowing a nitrate-free interval of at 
least 8 hours. The addition of hydralazine also mitigates nitrate 
tolerance.

Amlodipine and felodipine are used to treat hypertension and 
angina unresponsive to β-blockers and nitrates. Clinical trials 
have demonstrated a neutral effect of these agents on mortality. 
Nifedipine, verapamil, and diltiazem should not be used in 
patients with systolic HF because of their negative effect on 
contractility.

TREATMENT OF ACUTE HEART FAILURE

Intravenous bolus diuretic therapy is commonly used to treat 
acute decompensated HF with volume overload. Continuous 
furosemide infusion has been found to result in a steadier diure-
sis, particularly in patients who are resistant to initial bolus 
intravenous diuretics. Generally, it is recommended that an 
infusion be initiated at a dose of 3 to 10 mg/hr of furosemide 
with adjustments based on response. Metolazone, spironolac-
tone, intravenous chlorthalidone (500 mg twice daily), or low-
dose dopamine can be added in refractory cases.

In the absence of symptomatic hypotension, one should con-
sider nitroglycerin, nitroprusside, or nesiritide in patients who 
are refractory to diuretics. Nitrate therapy is particularly effec-
tive in acute MI with pulmonary edema. Compared with nitro-
glycerin, nitroprusside is a more powerful afterload-reducing 
agent for the same degree of preload reduction. A recent  
retrospective study from the Cleveland Clinic found that admin-
istration of nitroprusside to patients with a cardiac index of  
2 L/min/m2 or less and pulmonary capillary wedge pressure of 
18 mm Hg or less resulted in greater hemodynamic improve-
ment, higher vasodilator doses at discharge, and a lower mortal-
ity rate (25% vs. 44%, odds ratio 0.48; P = 0.005) as compared 
with patients who did not receive nitroprusside. There was no 
increase in inotropic support, renal dysfunction, or rehospital-
ization rate in the patients who received nitroprusside. The 
Cleveland Clinic protocol initiates nitroprusside at 10 to 40 µg/
min without a bolus and recommends titrating the dose up to a 
maximum dose of 400 µg/min with a target mean arterial pres-
sure of 65 to 70 mm Hg. As nitroprusside is gradually weaned 
after 24 to 72 hours, these investigators added captopril, and 
isosorbide dinitrate plus hydralazine and up-titrated these medi-
cations to target doses: captopril 50 mg three times daily; iso-
sorbide dinitrate 60 mg three times daily; and hydralazine 
100 mg four times daily.

Nesiritide is a balanced venous and arterial vasodilator.  
Concurrent diuretic therapy is necessary because the natriuretic 
and diuretic effects are modest. Nesiritide is favored by  
some because it is less arrhythmogenic than dobutamine. 

Clinical trials have demonstrated improved hemodynamics and 
symptoms. However, there are concerns about a potential 
adverse impact on mortality and a potential risk of worsening 
renal function. A post hoc pooled analysis of 862 patients from 
three randomized controlled trials comparing nesiritide with 
noninotropic vasodilator therapy noted a trend toward an 
increase in the risk of 30-day mortality among patients receiving 
nesiritide (7.2% vs. 4%, P = 0.059). However, a larger meta-
analysis did not find an increased risk of death with nesiritide. 
An ongoing study is addressing the effect of nesiritide on mor-
tality. In regard to the effect of nesiritide on renal function, a 
post hoc review of data from 1269 patients enrolled in clinical 
trials comparing nesiritide to vasodilator or inotropic therapies 
found a greater degree of worsening renal function, defined as 
a rise in serum creatinine greater than 0.5 mg/dL among patients 
treated with nesiritide (21% vs. 15%, relative risk 1.54, 95% 
confidence interval 1.19–1.98). There was no difference between 
the groups in the need for dialysis (2%). Several other studies 
using lower doses have demonstrated a neutral effect of nesirit-
ide on renal function. In most centers that treat high-acuity HF, 
nesiritide therapy is considered for patients who have volume 
overload, are not responding to intravenous diuretics, and are 
not hypotensive. Generally, the recommended starting dose is 
0.005 to 0.01 µg/kg/min with no bolus. Renal function must be 
closely monitored in patients receiving nesiritide.

Intravenous inotropes, such as dobutamine or milrinone, 
may be useful for symptom relief in patients with advanced 
systolic HF and volume overload or who have diminished 
peripheral perfusion, referred to as low-output syndrome. Dobu-
tamine is an inotrope with limited vasodilator activity. Milri-
none, a phosphodiesterase inhibitor, is both an inotrope and a 
systemic vasodilator. Although both medications may worsen 
hypotension in patients with severe HF, this effect may be more 
pronounced in low-output HF patients who are treated with 
milrinone. However, for patients with both high pulmonary 
vascular resistance as well as high systemic vascular resistance, 
milrinone is the preferred agent since it reduces pulmonary 
vascular resistance as well as systemic vascular resistance. Both 
dobutamine and milrinone are arrhythmogenic, precipitating 
both atrial and ventricular arrhythmias. With either agent, one 
should consider starting at low doses—dobutamine 1 µg/kg/min 
and milrinone 0.1 µg/kg/min with no bolus. Heart rate, assess-
ment of angina, and heart rhythm must be monitored. If systolic 
pressure is less than 90 mm Hg or mean arterial pressure is less 
than 65 mm Hg, nitroglycerin, nitroprusside, milrinone, and 
nesiritide should be used with caution. Although routine inva-
sive hemodynamic monitoring is not recommended, placement 
of a Swan-Ganz catheter should be considered in patients whose 
filling pressures are unclear, who are refractory to standard 
therapy, who have symptomatic hypotension (i.e., systolic pres-
sure <80 mm Hg) or worsening renal function, or who need 
documentation of improved hemodynamics when an inotrope 
is considered for chronic therapy. Because intermittent chronic 
administration of dobutamine or milrinone has not resulted in 
improved outcomes in patients with HF, chronic infusion 
should only be administered as a bridge to transplantation in 
transplant-listed patients who have implantable cardioverter 
defibrillators (ICDs) or as palliative therapy in end-stage 
patients.
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Device Therapy for Systolic Heart Failure

ICDs are indicated in all patients who have survived a cardiac 
arrest. Device implantation should be considered for those 
patients with a life expectancy of at least 1 year. ICD placement 
reduces mortality in NYHA class II and III patients with an EF 
of 35% or less, whether the HF is ischemic or nonischemic. 
ICD placement is also recommended in class I ischemic patients 
with an EF of 30% or less. Biventricular pacemakers improve 
quality of life in approximately 70% of class III and IV patients 
with EF of 35% or less and a prolonged QRS duration (120 
milliseconds or longer), as well as increase survival and reduce 
hospitalization. Trials are continuing in patients with class II 
symptoms. These devices should be considered only in opti-
mally treated patients, that is, those receiving ACE-I and 
β-blocker therapy. It is important to reassess LV function after 
reaching the target or maximum tolerated doses of these  
medications before device implantation. Occasionally, a marked 
improvement in LV function and EF will occur following  
optimization of medical therapy, obviating the need (and/or 
indication) for device placement.

LV-assist devices are most often used as a bridge to cardiac 
transplantation but are also approved as destination therapy for 
end-stage patients who are not transplantation candidates.

Treatment of Diastolic Heart Failure

There are no completed randomized trials to guide optimization 
of a medical regimen for treating patients with diastolic HF on 
the basis of survival. However, several studies have demon-
strated an improvement in symptoms and morbidity using 
several approaches. Candesartan, an ARB, reduced subsequent 
HF hospitalizations in patients admitted for a cardiac reason 
whose EF was more than 40%. Nebivolol, a β1-selective 
β-blocker with nitric oxide–dependent vasodilating properties, 
significantly reduced the combined outcome of mortality and 
cardiovascular hospitalization in patients 70 years and older 
admitted with HF regardless of EF. The Treatment of  
Preserved Cardiac function heart failure with an Aldosterone  
antagonist Trial (TOPCAT) is enrolling patients with symp-
toms and LVEF ≥45%. The composite endpoint is cardiovas-
cular mortality, aborted cardiac arrest, or hospitalization for the 
management of heart failure.

All experts agree that blood pressure control is essential. 
ARBs, ACE-Is, β-blockers, calcium channel blockers, and aldo-
sterone antagonists have all been demonstrated to cause regres-
sion of LV hypertrophy and can be considered for treatment of 
patients with LV hypertrophy and DHF. Agents that reduce 
preload, such as diuretics and nitrates, are also commonly pre-
scribed. Nitrates can be used to treat ischemia. Calcium channel 
blockers, particularly verapamil, improve ventricular relaxation. 
Agents that decrease heart rate (increasing diastolic filling time), 
including verapamil, diltiazem, and β-blockers, are usually ben-
eficial. Smaller studies have demonstrated a benefit of daily 
moderate exercise.

Though not yet studied in randomized, prospective trials, it 
seems that maintaining atrial contraction is important in patients 
with DHF. Atrial contraction contributes up to 50% of ven-
tricular filling in patients with decreased compliance, explaining 

why the loss of atrial contraction in atrial fibrillation results in 
acute decompensation. Cardioversion, treatment with antiar-
rhythmic agents, or radiofrequency ablation are options that 
should be considered on an individual basis.

Avoiding Treatment Errors

Prescribing an ACE-I plus an ARB plus an aldosterone antago-
nist is not recommended because of the increased danger  
of hyperkalemia. Regular monitoring of potassium and renal 
function, at least every 6 months in stable patients and more 
often in decompensated patients or when medications are 
changed, is strongly recommended in patients receiving any of 
these drugs.

Routine administration of nonsteroidal agents is not recom-
mended in patients with HF because of the increased risk for 
fluid retention and worsening renal function. Nifedipine, vera-
pamil, and diltiazem should not be used in patients with systolic 
HF because of their negative effect on contractility. Digoxin 
does not have a benefit in patients with DHF unless they are in 
atrial fibrillation.

Drug Cost

HF patients take an average of nine to ten medications daily. 
The huge financial cost of medications often leads to medication 
nonadherence. Even if patients have insurance or receive Medi-
care Part D benefits, nongeneric medications can be costly. It 
is important to determine how patients pay for their medica-
tions and to estimate their monthly drug bill. Prescribing gener-
ics when available will reduce cost (see Table 23-1). A number 
of large chain stores offer many generic medications for reduced 
pricing—as low as $4 per prescription per month. Mail-order 
companies may also offer reduced pricing.

Nonpharmacologic Strategies

Daily exercise, salt restriction to less than 2.5 to 3 g/day, fluid 
restriction, and daily weight measurements should all be in the 
patient’s care plan. Obese HF patients benefit from weight loss, 
and all HF patients benefit from smoking cessation and reduced 
alcohol intake, or if the etiology of the HF is alcohol, complete 
abstention. Every patient should receive an annual flu shot. 
Patients and their families should be educated about the symp-
toms and signs of the disease, prognosis, medications, and when 
to contact a health professional.

HF specialists can be helpful in the care of complex HF 
patients. Those who may benefit include patients who remain 
severely limited on an optimized medical regimen, do not  
tolerate medication up-titration, are transplantation candidates 
(refractory HF, EF <20%, without significant comorbid disease, 
compliant, psychologically stable with good social support), or 
are candidates for clinical trials or an LV-assist device.

Treatment of Comorbid Disease

Aggressive management of hypertension, diabetes mellitus, 
obstructive sleep apnea, and depression is part of routine care. 
Treatment of atrial fibrillation in patients with systolic heart 
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failure with either rate control or rhythm control results  
in similar outcomes. β-blockers are excellent agents for rate 
control. Common antiarrhythmic agents include amiodarone 
with thyroid and liver function monitoring every 6 months and 
sotalol and dofetilide with dosing based on renal function. 
Sotalol and dofetilide initiation is done in the hospital because 
of the potential for proarrhythmia. Data on long-term outcomes 
of atrial flutter or fibrillation ablation are not yet available. Two 
trials have evaluated the effect of statins and fish oil in patients 
with systolic heart failure. The Controlled Rosuvastatin Multi-
national Trial in Heart Failure (CORONA) randomized 5011 
symptomatic patients with ischemic cardiomyopathy, 60 years 
of age and older, provided that the investigator thought they did 
not need treatment with a cholesterol-lowering drug, to rosu-
vatatin 10 mg daily versus placebo. Mean low-density lipopro-
tein was 137 mg/dL. During a median follow-up of 32.8 months, 
total mortality was not affected, but the number of cardiovas-
cular hospitalizations was significantly reduced in the group that 
received rosuvastatin.

In contrast, GISSI-HF randomized 5574 patients with 
chronic HF irrespective of cause (40% ischemic, 33% had a 
history of MI) or EF (10% EF ≥40% EF) to rosuvastatin 10 mg 
daily versus placebo. Mortality and cardiovascular hospitaliza-
tion were not reduced after a median follow-up of 3.9 years. 
However, 33% of patients were not compliant with statin 
therapy. Another arm of GISSI-HF randomized 7975 patients 
with symptomatic HF of any cause (50% ischemic) or EF (10% 
EF ≥40% EF) to N-3 polyunsaturated fatty acid (1 g daily) 
versus placebo. Approximately 22% were receiving a statin as 
well. Mortality was decreased by 9% in the polyunsaturated 
fatty acid group. In absolute terms, 56 patients treated for a 
median duration of 3.9 years will prevent one death or treatment 
of 44 patients will avoid one death or hospital admission for 
cardiovascular reasons. It is likely that the benefits of statin 
therapy are much greater in patients with coronary heart disease, 
and there are no large-scale data to support initiating statin 
therapy in nonischemic patients. Whether to discontinue statins 
in patients with ischemic cardiomyopathy is less clear and has 
not been studied.

FuturE dirECtions

Genetic variation of disease modifiers such as ACE and 
β-adrenergic receptors influences ACE-I and β-blocker effec-
tiveness. The investigation of functional genomics will allow 
pharmacologic therapeutics to be tailored to an individual’s spe-
cific genetic background. Identification of candidate genes, 
pathways, and relatively common polymorphisms that may pre-
dispose patients to increased risk for sudden cardiac death will 
improve risk stratification such that ICDs can be targeted to 

those patients most likely to derive benefit. Disease prevention 
by aggressive modification of risk factors and early detection will 
continue to have an enormous impact on cardiovascular disease 
leading to HF.
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C ardiac transplantation developed as an outgrowth of 
research into heart preservation to allow safe open heart 

surgery. In 1961, Shumway and Lower published their seminal 
article describing the technique of orthotopic cardiac transplan-
tation in a canine model, with successful functioning of the 
transplanted heart for several days. While Shumway was prepar-
ing to begin a human clinical trial of cardiac transplantation, 
Christiaan Barnard, a South African surgeon who had worked 
in the United States learning the techniques of immunosuppres-
sion and surgical transplantation, shocked the world in Decem-
ber 1967 by performing the first human-to-human heart 
transplant in Capetown. His patient lived for 18 days before 
succumbing to infectious complications. Shumway performed 
the first successful cardiac transplantation in the United States 
in January 1968, beginning what has become the longest ongoing 
program of cardiac transplantation in the world.

Activity in cardiac transplantation exploded after these initial 
successes. However, a dismal initial 1-year survival rate of 22% 
led most programs to abandon the procedure. Early transplant 
patients died of both immune rejection of the transplanted heart 
and infectious complications. Two major developments allowed 
surgeons and those caring for cardiac transplant patients to 
balance more successfully the complications of graft rejection 
versus systemic infection. The development in 1971 of the cardiac 
bioptome by Caves, combined with Billingham’s pathologic 
grading system for rejection, removed much of the treatment 
guesswork and permitted accurate diagnosis of rejection and 
rational strategies for maintenance immunosuppression and 
treatment of rejection. Cardiac transplantation improved rapidly 
again with the introduction of cyclosporine A in 1980. This calci-
neurin inhibitor dramatically reduced the incidence of rejection.

More recently, further investigation into basic mechanisms 
of transplant rejection resulted in triple-drug immunosuppres-
sive regimens that used smaller doses of prednisone, azathio-
prine, and cyclosporine, allowing better rejection control with 
fewer infectious complications and adverse effects from these 
powerful immunosuppressive agents. Newer agents, such as 
tacrolimus, mycophenolate mofetil, and sirolimus, as well as the 
use of induction therapy, are now part of the antirejection arma-
mentarium, and drugs continue to be developed.

InDICaTIonS

Generally accepted indications for cardiac transplantation 
include the presence of end-stage heart disease not amenable to 
standard medical or surgical therapy, New York Heart Associa-
tion (NYHA) class III or IV heart failure on maximal medical 
therapy, and an estimated 1-year life expectancy of less than 
50%. As other therapeutic approaches have improved—from 

coronary artery bypass grafting to percutaneous interventions 
to advances in medical therapy for congestive heart failure—
patients who need transplantation are generally older and sicker, 
and have multiple comorbidities. In addition, the spectrum of 
individuals considered for cardiac transplantation today has 
been broadened to include elderly patients, children, and new-
borns. The most common indications for cardiac transplanta-
tions in the adult population are cardiomyopathies and end-stage 
coronary artery disease (CAD). A minority of transplants are 
performed in patients with valvular heart disease, congenital 
heart disease, and as retransplants (e.g., for graft vasculopathy). 
In children the leading diagnoses are dilated cardiomyopathies 
and congenital heart disease (see Section VIII).

Potential transplant patients undergo an intensive screening 
process by a multidisciplinary team of cardiothoracic surgeons, 
cardiologists, transplant coordinators, social workers, dietitians, 
physical therapists, psychologists/psychiatrists, and financial 
counselors. The screening ensures not only that the patient 
needs the transplant but also that he or she is physically and 
mentally able to comply with the rigorous post-transplantation 
medical regimen and has the appropriate social support to 
undergo transplantation successfully.

DonorS

Transplant donors are individuals who are brain dead but con-
tinue to have adequate cardiac function to temporarily support 
other organ function. Most die of catastrophic intracranial 
events or trauma. The hearts are carefully evaluated with respect 
to cause of death, need for cardiopulmonary resuscitation, and 
use of inotropic support; they undergo electrocardiography and 
echocardiography to ensure adequate ventricular and valvular 
function. In men aged older than 45 years, women aged older 
than 55 years, and patients with other risk factors for CAD, 
cardiac catheterization and coronary angiography are frequently 
performed. Donors undergo thorough serologic testing to rule 
out transmissible diseases, and their medical and social histories 
are evaluated.

Donor-reCIpIenT MaTChIng

Patients accepted for transplantation are placed on a national 
waiting list maintained by the United Network for Organ 
Sharing (UNOS). UNOS has a contract with the U.S. govern-
ment to act as the organ procurement and transplantation 
network. Patients are placed on the waiting list by size, ABO 
blood type, medical urgency status, and waiting time. When a 
suitable donor is identified, UNOS generates a list that ranks 
potential recipients by distance from the donor hospital (to 
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minimize the organ ischemic time during travel and implanta-
tion), size, ABO type, medical urgency, and waiting time. An 
organ is then offered to a prospective recipient’s transplant 
center. If the transplant physicians believe that the organ is suit-
able for their patient, arrangements are made to procure the 
organ and perform the transplantation. On occasion, a potential 
recipient is precluded from transplantation because of ongoing 
infection or another potentially reversible contraindication. If 
the initial center does not accept the organ, it is offered sequen-
tially to all patients on the local list, followed by patients in 
ever-enlarging geographic circles until the nation is covered. 
Given the number of patients actively awaiting transplantation, 
the majority of hearts are placed within their local or regional 
areas. Other available organs are likewise matched with poten-
tial recipients.

Donor proCeDure

After all the organs are placed, procurement surgeons arrive at 
the donor hospital, and a coordinated procedure allows simul-
taneous procurement of all usable organs, often including the 
heart, lungs, liver, kidneys, and pancreas and occasionally 
including the small intestine. The heart explant procedure 
depends on whether the heart alone will be used or whether the 
lungs will also be used separately or as a combined heart-lung 
transplant. After initial dissection of the aorta and superior and 
inferior venae cavae, placement of a cardioplegia cannula in the 
ascending aorta, and completion of the other teams’ initial dis-
sections, the donor is systemically heparinized. The superior 
vena cava is tied off, the left atrial (LA) appendage is amputated, 
and the inferior vena cava is partially transected to decompress 
the heart and prevent ventricular distention. The aorta is then 
cross-clamped, and cardioplegia is infused while the heart is 
lavaged with ice-cold saline (Fig. 24-1).

Simultaneously, the other organs are flushed with their own 
preservative solutions and lavaged with cold saline. After com-
pleting the cardioplegia infusion, the superior and inferior venae 
cavae are transected. If only the heart is to be used, the pulmo-
nary veins and pulmonary arteries are divided at the pericar-
dium, and the aorta is divided. If the lungs are to be used, the 
left atrium is divided at the midatrial level, leaving enough cuff 
of the left atrium for cardiac implantation and cuffs around the 
pulmonary veins for lung implantation. The pulmonary trunk 
is divided at its bifurcation to leave enough length on the pul-
monary arteries for the lung implantation. If a combined heart-
lung transplant is planned, the two organs are resected en bloc 
by dividing the cavae, aorta, and trachea and dissecting the 
heart-lung block from its mediastinal attachments. The organs 
are then stored in ice-cold saline in multiple layers of plastic 
bags to ensure sterility, and they are packed in an ice-filled 
cooler for transportation to the transplanting center.

reCIpIenT proCeDure

Two approaches to orthotopic cardiac transplantation are widely 
used. In the traditional Shumway and Lower technique, a 
biatrial anastomosis is performed whereby the donor and recipi-
ent atrial cuffs are sewn together. This technique does not 
require separate caval anastomoses, and therefore saves time. An 

alternative technique, the bicaval technique, was developed in 
the 1990s and consists of sewing separate caval anastomoses. 
Purported advantages of this technique primarily relate to 
improved atrial function, decreased need for permanent pacing, 
and decreased tricuspid regurgitation. However, in an outcomes 
analysis of the UNOS database between 1999 and 2005, no 
survival difference was identified between recipients of bicaval 
versus biatrial orthotopic cardiac transplantation.

Biatrial Technique

The operation is performed through a standard median ster-
notomy using cardiopulmonary bypass with aortic and bicaval 
cannulation. The initial dissection and cannulation are per-
formed while the heart is being transported to the recipient 
hospital. When the new heart arrives, cardiopulmonary bypass 
is instituted at moderate systemic hypothermia (~32°C), and 
caval tapes are secured around the caval cannulas. The aorta is 
cross-clamped and then divided just above the level of the aortic 
valve. The pulmonary trunk is divided above its respective valve, 
and the atria are divided at the midatrial level, with removal of 
the atrial appendages and preservation of the posterior atrial 
cuffs containing the pulmonary veins on the left and the cavae 
on the right. The donor heart is prepared by freeing the pul-
monary artery from the aorta and the roof of the left atrium. 
The pulmonary venous orifices are interconnected to create a 
cuff for the LA anastomosis. Excess LA tissue can be removed 
to create a better size match for this anastomosis. The oval fossa 
of the donor heart is examined for a patent foramen ovale. If 
identified, it is closed. The LA anastomosis is then fashioned 
with a suture in a continuous running fashion. The suture line 
is begun at the base of the donor LA appendage, just above the 
recipient left superior pulmonary vein (see Fig. 24-1).

The donor right atrium is opened from the orifice of the 
inferior vena cava through the right atrial appendage and then 
sewn to the recipient atrial cuff. Next, the donor and recipient 
pulmonary trunks are cut to appropriate lengths. The pulmo-
nary trunks are then anastomosed end to end with a running 
suture. Systemic rewarming is begun, and the donor and recipi-
ent aortas are trimmed and anastomosed with a running suture. 
The heart is de-aired, the suture line is secured, the patient is 
placed in a steep Trendelenburg position, and the cross-clamp 
is released, thus ending the donor heart ischemic time. During 
rewarming and reperfusion, the right side of the heart is de-
aired, the caval tapes are removed, and the donor superior vena 
cava is oversewn. With rewarming and reperfusion, a spontane-
ous normal sinus rhythm usually develops. Regardless, tempo-
rary atrial and ventricular pacing wires are placed should 
temporary atrioventricular sequential pacing be needed postop-
eratively. After the onset of forceful ventricular contractions and 
completion of de-airing maneuvers, inotropic support is begun. 
Depending on the donor heart ischemic time and size, the 
recipient’s pulmonary vascular resistance, and the preoperative 
use of antiarrhythmic drugs (especially amiodarone), additional 
inotropic support or vasoconstrictive agents are sometimes nec-
essary. The patient is then weaned from cardiopulmonary 
bypass. Heparin is reversed with protamine sulfate, and the 
heart is decannulated. After ensuring adequate hemostasis, chest 
drains are placed, and the sternotomy is closed.



CHAPTER 24 • Cardiac Transplantation and Mechanical Circulatory Support Devices 199

Figure 24-1 Technique of biatrial cardiac transplantation.

Technique of Orthotopic Biatrial Cardiac Transplantation

3. The donor heart is
excised across the
pulmonary veins,
followed by
preparation for
transplantation by
opening the posterior
wall of the left atrium.

2. Dashed markings
represent excision
lines for removal
of the donor heart.

5. Initiation of
cardiac
implantation with
anastamosis of left
atrium of recipient 
to donor using a
continuous
monofilament
suture line.

4. View of the
donor mitral
valve through
the surgically
opened left
atrial posterior
wall.

1. The recipient is placed on cardiopulmonary
bypass support with venous drainage cannulas
placed into the superior and inferior venae cavae. 
The cardiopulmonary bypass circuit returns
oxygenated blood with controlled perfusion
into the ascending aorta through a cannula
placed distal to the aortic cross-clamp. 
Cardiopulmonary bypass provides systemic  
perfusion allowing excision of the recipient 
heart, retaining the posterior cuff of the right 
and left atria as well as the ascending aorta
and main pulmonary artery.

9. The fourth and final anastamosis
aligns the ascending aorta of donor
and recipient in end-to-end fashion.

6. The left atrial
anastamosis
is completed,
and the donor
right atrium is
opened from
the inferior vena
cava extending
to the right
atrial appendage.

10. Completed biatrial
orthotopic cardiac
transplant with separation
from cardiopulmonary bypass
and removal of cannulas.

8. The right atrial
suture line is
completed on
     the free wall,
     and the
retained main
pulmonary artery
is anastamosed
to the donor
pulmonary artery
in end-to-end
fashion.

7. The right atrial
cuff of the donor is
anastomosed to
the recipient right
atrial cuff directly
over the left atrial
suture line 
reinforcing the 
edge of the
interatrial septum.

Bicaval Technique

The operation is fundamentally the same as the biatrial tech-
nique. The differences in cardiectomy include developing the 
groove between the right and left atria to allow their separation. 
During excision of the heart, the superior vena cava is divided 
just above the level of the right atrium, and the inferior vena 
cava is divided just below the coronary sinus. After the aorta and 
pulmonary artery have been divided, a LA cuff is then created 
starting at the dome of the left atrium, carrying the incision 
inferiorly above the orifices of the right and left pulmonary veins 

(Fig. 24-2). During implantation, the LA cuff is sewn in a similar 
manner. Some surgeons place a vent through the right side of 
the LA suture line to assist in de-airing and to prevent warm 
blood from accumulating in the heart during the remainder of 
the implantation. Next, the recipient and donor inferior venae 
cavae are anastomosed, followed by the superior venae cavae. 
The pulmonary artery and aortic anastomosis are then com-
pleted similarly. An alternative is to complete the LA, inferior 
vena cava, and aortic anastomoses and then release the cross-
clamp, completing the remaining right-sided anastomoses with 
the heart beating and reperfused to decrease ischemic time. 
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Figure 24-2 Technique of bicaval cardiac transplantation.

Ana-
stomosis

Donor left atrial cuff

Recipient left atrial cuff

Donor heart

Recipient aorta
Recipient pulmonary trunk

Aorta

Pulmonary trunk

Recipient superior vena cava

Recipient inferior vena cava

Inferior vena cava anastomosis

Superior vena cava anastomosis Completed transplant

Weaning from cardiopulmonary bypass is the same as with the 
biatrial technique.

poSToperaTIve ManageMenT

The initial postoperative treatment of cardiac transplant recipi-
ents is similar to that of open heart surgery patients, especially 
in terms of fluid and electrolyte management, ventilator care 
and weaning, and pain control. The major differences include 
isolation precautions because of the increased infection risk and 
immunosuppression to prevent rejection. Multiple protocols for 
transplant immunosuppression and rejection monitoring exist. 
Most rely on initial triple-drug immunosuppression with a cal-
cineurin inhibitor (cyclosporine or tacrolimus), a purine synthe-
sis inhibitor (azathioprine or mycophenolate mofetil), and 
prednisone. The doses of calcineurin inhibitors are monitored 
and adjusted based on daily serum concentrations, the standard 
doses of purine synthesis inhibitors are decreased if leukopenia 
or pancytopenia develops, and steroids are tapered by schedule 
in the absence of rejection. Most programs use a protocol of 
endomyocardial biopsies, supplemented when indicated by 
echocardiography, right-sided heart catheterization, or both to 
diagnose rejection and monitor response to therapy. With sig-
nificant rejection or hemodynamic compromise, patients are 
treated with bolus steroids. If this is ineffective or if a pattern 
of recurrent rejection develops in the patient, other treatment 

protocols are used. During follow-up examinations, patients are 
monitored for the development of arrhythmias, immunosup-
pressive side effects, and signs and symptoms of infection. 
Routine electrocardiograms often show two P waves: one from 
the recipient right atria and one from the donor right atria. This 
can be misdiagnosed as atrial fibrillation or premature atrial 
contractions. The correct diagnosis is established by confirming 
that one set of P waves (from the donor) is synchronous with 
the QRS complex. Routine chest radiography is vital to detect 
new infiltrates that most commonly represent preclinical pneu-
monias or early malignancies. Aggressive evaluation of these 
infiltrates is mandatory, because immunosuppressive agents 
increase infection risks and can accelerate growth of malignan-
cies. Early detection and treatment can mean the difference 
between survival and death. Chronic renal insufficiency is a 
common adverse effect of long-term calcineurin inhibitor use 
and can be ameliorated by dose modulation. Likewise, chronic 
hypertension is a common result of the use of calcineurin inhibi-
tors and steroids and can necessitate treatment with multiple 
agents to control blood pressure. Hyperlipidemia occurs with 
both agents also, and evidence suggests all transplant patients 
should be routinely treated with statins. Calcineurin inhibitors 
and steroids are also diabetogenic and usually necessitate  
aggressive therapy with insulin for adequate control. The fre-
quency of endomyocardial biopsies gradually decreases in the 
absence of rejection; by 1 year, they are only performed with 
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clinical suspicion of rejection or as part of the annual 
examination.

reSulTS oF CarDIaC 
TranSplanTaTIon

Data on more than 80,000 cardiac transplant procedures from 
approximately 225 centers (all centers in the United States, 
mandatory for UNOS membership and voluntary for interna-
tional centers) have been collected and analyzed by the Interna-
tional Society of Heart and Lung Transplantation and UNOS 
since 1983. In 2008, the Twenty-fifth “Official Adult Heart 
Transplant Report” was released by the International Society 
for Heart and Lung Transplantation. The number of heart 
transplant procedures reported to the registry annually has 
leveled at approximately 3200, following a decline from approxi-
mately 4500 procedures in the mid-1990s. More than 50% of 
the reporting centers perform more than 10 transplants annu-
ally. The primary indication for adult heart transplantation has 
changed slightly over the last 5 years, with a shift from an equal 
split between coronary heart disease and nonischemic cardio-
myopathy to a significantly greater proportion of patients with 
nonischemic cardiomyopathy (50% vs. 34%). The remaining 
indications are adult congenital heart disease (3%), retransplan-
tation (2%), and valvular heart disease (2%). Recipients older 
than 60 years now compose almost 25% of all recipients annu-
ally. In addition, a significant increase in the number of recipi-
ents on left ventricular assist devices (LVADs) at the time of 
transplant has occurred (22% currently vs. 11% during 1999–
2001). Also, fewer recipients are now hospitalized immediately 
before transplantation (44% vs. 72%), probably reflecting the 
current practice of using an LVAD or inotropes in the outpa-
tient setting as a bridge to transplant. Donor utilization has 
become more liberal over the last decade, with an increase in 
the mean donor age from 23 years in 1983 to 30.2 years in 2008. 
In addition, whereas donors older than 50 years were rare before 
1986, they now account for more than 12% of donors.

Postoperative immunosuppression has changed somewhat 
over the last decade, with increased use of perioperative anti-
lymphocyte antibodies (37% in 1997 vs. 51% in 2007). Tacro-
limus is now the most commonly used calcineurin inhibitor, 
while mycophenolate mofetil remains the predominant antipro-
liferative agent. Sirolimus use remains low at approximately 
13%, with little change in recent years. Prednisone use has 
decreased over the last 6 years but is still used by 63% of patients 
at 1 year post-transplant.

Survival after cardiac transplantation remains excellent. The 
1-, 5-, and 10-year survival rates are currently 82%, 70%, and 
50%, respectively. After an initial drop in survival during the first 
6 months, the survival curve then decreases at a linear rate of 
approximately 3.5% per year beyond 15 years after transplant. 
However, it does not appear that there is a point where the slope 
of the survival curve decreases to reach that of the general popu-
lation. Risk factors for 1-year mortality include the requirement 
of dialysis or prolonged mechanical ventilation at the time of 
transplant, having an infection treated with intravenous antibiot-
ics within 2 weeks of transplant, requirement of short-term 
extracorporeal mechanical circulatory support, adults with con-
genital heart disease, preoperative use of a pulsatile ventricular 

assist device, recipient age, donor age, donor heart ischemic 
time, donor body mass index (inverse), transplant center volume 
(inverse), recipient pulmonary artery diastolic pressure, and 
recipient pretransplant bilirubin and creatinine levels.

At 7 years post-transplant, approximately 90% of recipients 
have no functional limitations, and many have returned to  
full-time work. In the first year after transplantation, non- 
cytomegalovirus infection, graft failure, and acute rejection are 
the most common causes of death. After 5 years, allograft  
vasculopathy accounts for 33% of deaths, followed by malignan-
cies (23%) and non-cytomegalovirus infections (11%). Post- 
transplant morbidities remain significant. By 10 years after 
transplantation, 99% of survivors have hypertension, 14% have 
severe renal insufficiency, 93% have hyperlipidemia, 37% have 
diabetes, and 53% have angiographic allograft vasculopathy.

MeChanICal CIrCulaTory  
SupporT DevICeS

Over the past 20 years, mechanical circulatory support devices 
(MCSDs) have been developed with the goal of supporting 
patients with advanced heart failure as a bridge to transplanta-
tion, bridge to recovery, and alternative to transplantation. 
MCSDs are defined as mechanical pumps that assist or replace 
the left, right, or both ventricles of the heart to pump blood. 
The current generation of devices allows a spectrum of support 
ranging from short- to intermediate- to long-term duration. 
Depending on hemodynamic parameters, devices can be tai-
lored for partial or complete left ventricular support, right ven-
tricular support, or biventricular support. Device positions 
range from paracorporeal pumps, to intracorporeal pumps with 
transcutaneous drive lines, to completely implantable systems. 
Device technology has also advanced, becoming progressively 
smaller, more reliable, less thrombogenic, and with lower infec-
tion risks. First-generation devices rely mostly on large pneu-
matic or electric drives, second-generation on axial flow 
technology, and third-generation, which are just beginning 
clinical trials, primarily on magnetically levitated drives.

Patient Selection and Indications

Patient selection remains paramount to success with MCSDs, 
and a multidisciplinary approach should be utilized. Indications 
for mechanical circulatory support are similar to heart trans-
plantation. Clinical indications for MCSD are both acute and 
chronic (Fig. 24-3). Acute indications include refractory cardio-
genic shock after myocardial infarction, acute myocarditis, and 
failure to wean from cardiopulmonary bypass. The use of short-
term MCSDs to treat acute heart failure falls outside the scope 
of this chapter and will not be discussed further, but it should 
be mentioned that MCSDs can be used with acceptable results 
in these patient populations at experienced centers.

Chronic indications are similar to those of heart transplanta-
tion and include ischemic cardiomyopathy, idiopathic car-
diomyopathy, valvular cardiomyopathy, and congenital heart 
disease. Generally accepted hemodynamic criteria for MCSD in 
these patients include NYHA class IV heart failure refractory to 
medical therapy, cardiac index less than 2 L/min/m2, pulmonary 
capillary wedge pressure greater than 25 mm Hg, systolic blood 
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Figure 24-3 Ventricular assist device selection. BiVAD, biventricular assist device; BMI, body mass index; CAD, coronary artery 
disease; CI, cardiac index; CM, cardiomyopathy; Cr, creatinine; DM, diabetes mellitus; EF, ejection fraction; HD, heart 
disease: HF, heart failure; HM, HeartMate; HTN, hypertension; IVAD, implantable ventricular assist device; LVAD, lead 
ventricular assist device; NYHA, New York Heart Association (class); PCWP, pulmonary capillary wedge pressure;  
PUD, peptic ulcer disease; Pulm, pulmonary; PVAD, paracorporeal ventricular assist device; PVD, peripheral vascular 
disease; RV, right ventricle; SBP, systolic blood pressure; TAH, total artificial heart; VAD, ventricular assist device;  
XVE, extended lead vented electric.
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pressure less than 80 mm Hg, and an ejection fraction of less 
than 20%. Exclusion criteria for MCSD in these patients remain 
a subject of debate but generally include evidence of fixed pul-
monary hypertension (>6 Wood units), recent pulmonary 
infarction, active peptic ulcer disease, diabetes with end-organ 
damage, severe peripheral vascular disease, active infection, 

renal insufficiency (creatinine >2.5 mg/dL), significant liver or 
lung dysfunction, recent malignancy, excessive obesity (body 
mass index >35), active substance abuse, history of noncompli-
ance, and severe psychosocial issues.

Patients with chronic indications for MCSD can be consid-
ered for a long-term, or durable, device. An end point for 
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mechanical circulatory support should be considered preopera-
tively, with the caveat that the end point can change depending 
on patient status after device implantation. Possible end points 
include bridge to recovery, bridge to transplantation, and des-
tination therapy (alternative to transplantation). For example, 
one may intend a device to be a bridge to recovery and find that 
cardiac function does not improve; these patients are then often 
candidates for consideration for either bridge-to-transplanta-
tion or destination therapy. We would caution against the use 
of durable devices in the acute setting before a full evaluation 
has been completed to avoid the dreaded end point of “bridge 
to nowhere.”

FDA-Approved, Long-Term Durable 
Mechanical Circulatory Support Devices

Devices for long-term durable circulatory support that have 
been approved by the U.S. Food and Drug Administration 
(FDA) are shown in Table 24-1.

ABIOCOR

The AbioCor (Abiomed, Inc., Danver, MA) is approved by the 
FDA under a Humanitarian Device Exemption for use in 
patients who are not transplant candidates and not LVAD des-
tination therapy candidates. It is implanted selectively at only a 
few centers in the United States. The device is a total artificial 
heart employing transcutaneous energy transmission. Throm-
boembolic and bleeding complications have been high with this 
device, and its use is limited.

SYNCARDIA CARDIOWEST

The SynCardia CardioWest (SynCardia Systems, Inc., Tucson, 
AZ) device is a temporary total artificial heart, the modern 
version of the Jarvik 7 artificial heart first implanted into Barney 
Clark in 1982. It is approved for use as a bridge to transplant 
for transplant-eligible patients dying from end-stage biventricu-
lar failure. This biventricular, pneumatic, pulsatile blood pump 

Table 24-1 FDA-Approved Durable Mechanical Circulatory-Assist Devices Currently in Use

Company Device Support position Type of FDa approval

Abiomed AbioCor Total 
Artificial Heart

Total artificial 
heart

Intracorporeal Approved under a Humanitarian Device Exemption 
for those who are not transplant candidates and 
not LVAD destination therapy candidates

SynCardia Systems 
Inc.

SynCardia 
CardioWest

Total artificial 
heart

Intracorporeal Approved as a bridge to transplant in patients at 
risk for imminent death with biventricular failure

Thoratec Corporation Thoratec PVAD Left and right Extracorporeal Approved for left, right, or biventricular support as 
a bridge to transplantation

Thoratec IVAD Left and right Intracorporeal Approved for left, right, or biventricular support as 
a bridge to transplantation (only biventricular 
device approved for home discharge)

HeartMate XVE Left Intracorporeal Approved as a bridge to transplantation and as 
destination therapy for those who are not 
transplant candidates

HeartMate II Left Intracorporeal Approved as a bridge to transplantation

FDA, U.S. Food and Drug Administration; IVAD, implantable ventricular assist device; LVAD, left ventricular assist device; PVAD, paracorporeal 
ventricular assist device; XVE, extended lead vented electric.

completely replaces the patient’s native ventricles and all four 
cardiac valves orthotopically. In a nonrandomized prospective 
study at five U.S. centers, 81 patients received the artificial heart 
device with a rate of survival to transplantation of 79%, and 
overall 1-year survival of 70%. Bleeding events occurred in  
62% of patients, infectious events in 77%, and neurologic events 
in 27%.

THORATEC PARACORPOREAL AND IMPLANTABLE 
VENTRICULAR ASSIST DEVICES

The Thoratec Paracorporeal Ventricular Assist Device  
(PVAD; Thoratec Corp., Pleasanton, CA) has been a mainstay 
of mechanical circulatory support programs. Based on designs 
from the 1970s, it has been approved as a bridge to transplanta-
tion since 1995. It can be used in the right, left, or biventricular 
positions. Relatively easy to implant, it can be used in a wide 
range of patient sizes given the paracorporeal location of the 
ventricles. It is connected by inflow cannulas to the right atrium 
and/or left ventricular apex and outflow cannulas to the pulmo-
nary trunk and/or aorta. These cannulas exit the skin in the 
epigastrium, are connected to one or more pneumatically driven 
pumps containing mechanical inflow and outflow valves, and lie 
on the patient’s abdomen. Although patients can be ambulated 
with this device, its paracorporeal position limits its wide- 
ranging applicability and appeal. The Implantable Ventricular 
Assist Device (IVAD; Thoratec Corp.) is similar to the Thoratec 
PVAD system, although the ventricles in the IVAD are implant-
able to allow for patient discharge with biventricular support. 
In a study of 38 patients receiving the IVAD device, 18 patients 
were discharged home. Support to successful outcome was 70% 
for those treated as a bridge to transplantation.

HEARTMATE XVE

The HeartMate XVE (Thoratec Corp.) is an implantable, elec-
trically driven device that can fully sustain circulation. The 
inflow cannula connects to the left ventricular apex, and the 
outflow cannula connects to the aorta. The pump is implanted 
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Figure 24-4 HeartMate XVE and II left ventricular assist systems. LVAS, left ventricular assist system; XVE, extended lead vented 
electric.
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in an abdominal wall pocket, and a single transcutaneous cable 
exits the right epigastrium and connects to a wearable external 
driver (Fig. 24-4). The patient can be fully mobile while wearing 
the portable controller and two rechargeable batteries. Many 
patients have been supported more than 1 year with this device. 
Its notable feature is a “flocked” surface lining the pump chamber 
that promotes formation of a pseudointima, which reduces the 
need for anticoagulation and is associated with fewer neurologic 
events than the other devices. It has been approved as a bridge 
to transplantation since 1998, and it received FDA approval in 
2003 for use as destination therapy in patients with intractable 
stage IV heart failure who are not candidates for transplantation. 
In the destination therapy trial, 129 patients with end-stage 
heart failure who were not cardiac transplant candidates were 
randomized to either HeartMate XVE support or optimal 
medical management. Survival rates at 1 year were 52% in the 
LVAD group and 25% in the medical therapy group. Survival 
of the device group was limited primarily by device-related 
complication, including a high rate of infection and device-
related failure.

HEARTMATE II

The HeartMate II (Thoratec Corp.) was developed to overcome 
some of the limitations of pulsatile volume-displacement devices, 
such as the HeartMate XVE (including large pump size and 

limited long-term mechanical durability). The HeartMate II 
device employs continuous-flow, rotary-pump technology (see 
Fig. 24-4). One advantage of these pumps is a smaller size, with 
the potential to extend MCSD therapy to smaller patients (ado-
lescents and some women). Another advantage is the potential 
for greater durability given that this device has only a single 
moving part (the rotor). Implantation is similar to the Heart-
Mate XVE; however, a much smaller abdominal wall pocket is 
needed due to the smaller device size. In a prospective multi-
center trial without a concurrent control group, 133 patients 
underwent implantation of the HeartMate II device. The prin-
cipal outcome (transplant or alive at 6 months) was reached in 
75% of patients, and the incidences of device failure and infec-
tion were lower than in the HeartMate XVE destination therapy 
trial. Given these results, this device was recently approved by 
the FDA for use as a bridge to transplantation. A destination 
therapy trial is under way.

Results from the Interagency Registry for 
Mechanically Assisted Circulatory Support

The Interagency Registry for Mechanically Assisted Circulatory 
Support (INTERMACS) database, funded by the U.S. National 
Heart, Lung and Blood Institute (NHLBI), is a registry for 
patients who receive durable FDA-approved MCSDs for treat-
ment of advanced heart failure. It was established to advance 
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understanding and application of mechanical circulatory support 
so as to improve the duration and quality of life for individuals 
with advanced heart failure. It represents a unique collaboration 
of the NHLBI as the funding and scientific support agency, the 
FDA as the regulatory agency, and the Center for Medicaid and 
Medicare Services as the federal reimbursement agency, to 
establish a common language through which benefit and prog-
ress with respect to these devices can be expressed.

INTERMACS went live on June 23, 2006, and as of  
December 31, 2007, 89 centers were able to enroll patients  
into its database. The first report of INTERMACS was released 
in November 2008. It is important to note that this report  
only represents recipients of pulsatile devices, since the Heart-
Mate II had not yet been approved by the FDA during this 
reporting period.

During the first 18 months of accrual, 420 patients undergo-
ing MCSD were enrolled. Patients were enrolled under four 
basic indications: bridge to transplantation, bridge to recovery, 
destination therapy, and bridge to candidacy. The actuarial sur-
vival for the entire cohort was 90% at 1 month and 56% at 1 year. 
One-year actuarial survival for destination therapy patients was 
61%, and those requiring isolated LVAD support had 67% 
1-year survival. Preoperative risk factors for early death were 
critical cardiogenic shock, older age, ascites at the time of 
implant, higher level of bilirubin, and placement of a biventricu-
lar assist device or total artificial heart. Interestingly, the initial 
“strategy” at implant had no discernible effect on survival (bridge 
to transplant vs. bridge to recovery vs. bridge to candidacy).

FuTure DIreCTIonS

Cardiac transplantation is an established, safe, durable, and  
reliable therapy for patients with end-stage heart disease. Its 
application is limited only by an inadequate supply of donor 
organs, mandating careful selection of recipients to ensure the 
best results in the use of this scarce resource. Initiatives for 
improvements in cardiac transplantation include development 
of a more scientific method to evaluate heart recipients and 
donors through development of a Heart Allocation Score and a 
Donor Risk Index. In addition, there are initiatives to standard-
ize donor management among the regional Organ Procurement 
Organizations (OPOs), since donor selection and management 
varies widely geographically with cardiac donation rates ranging 
from 4% to 60%, depending on the OPO. Advances in immu-
nosuppression and immunomodulation will probably occur  
in the areas of co-stimulatory blockade and modification of 
antibody-mediated rejection. New research suggests that B-cell 
regulation, in addition or as opposed to T-cell regulation, affects 
the development of chronic allograft vasculopathy. However, 
drugs to target these mechanisms remain in their infancy and 
require better understanding before they can be used clinically. 
Unfortunately, despite early enthusiasm, stem cell therapy for 
advanced heart failure remains far from a clinical reality.

MCSDs continue to evolve. The new, smaller rotary pumps 
seem to have increased durability and lower infection rates than 
the pulsatile flow devices. However, the outcomes of trials  
utilizing these devices in the setting of destination therapy 
remain to be published. Future developments in MCSDs will 
undoubtedly continue, especially from the aspects of decreasing 

infections and thromboembolic events. Percutaneously placed 
or peripherally placed ventricular assist devices that either fully  
or partially support the patient are also possibilities, perhaps 
moving the MCSD therapy to “less sick” patients before they 
progress to refractory heart failure. Given the epidemic of heart 
failure, research interest and clinical activity will continue, and 
it is likely that the future holds significant advances.
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Stress-Induced Cardiomyopathy

Christopher D. Chiles and Charles Baggett

S tress-induced cardiomyopathy represents a syndrome of 
transient left ventricular (LV) dysfunction from a variety of 

psychological or physiologic stressors. Patients in the critical 
care setting are particularly vulnerable, but ambulatory patients 
subject to severe emotional distress may also develop stress-
induced cardiomyopathy. In the intensive care setting, sepsis, 
respiratory failure, intracranial hemorrhage, and pancreatitis are 
a few of the described precipitators. The most recognized form 
of stress-induced cardiomyopathy is takotsubo cardiomyopathy. 
The majority of this chapter focuses on this specific pattern of 
cardiomyopathy.

Takotsubo cardiomyopathy was originally described in the 
early 1990s. The name “takotsubo” stems from a narrow-necked 
Japanese fishing pot used for trapping octopi that resembles 
findings seen on the left ventriculogram in individuals with  
this entity (Fig. 25-1). Subsequent reports have documented 
the syndrome in the United States and Europe, where it is  
also known as transient LV apical ballooning and colloquially as 
“broken heart syndrome.”

Takotsubo cardiomyopathy affects women more often than 
men, with a mean age of 62 to 75 years, and accounts for roughly 
2% of suspected acute coronary syndrome cases. The prognosis 
is favorable, with an estimated in-hospital mortality rate of 1% 
and a low rate of recurrence.

EtIology and PathogEnESIS

Although numerous associations exist between putative etiolo-
gies and stress-induced cardiomyopathy, the pathogenesis  
of disease is not well understood. This is the case even for 
takotsubo cardiomyopathy, probably the best studied of the 
stress-induced cardiomyopathies. Because a variety of clinical 
circumstances have been temporally associated with stress-
induced cardiomyopathy, it has been proposed that mediators 
such as excess catecholamines, histamines, and/or cytokines—
resulting from a variety of stresses—could cause coronary artery 
spasm, microvascular dysfunction, or direct myocardial depres-
sant effects. Any combination of these could result in the tran-
sient ECG changes, depressed LV function, and elevated cardiac 
biomarkers that characterize stress-induced cardiomyopathy.

Observational studies indicate that the majority of cases of 
takotsubo cardiomyopathy are preceded by either emotional 
(14% to 38%) or physiologic (17% to 77%) stress. Such an 
association would be consistent with the notion that increased 
catecholamine levels could cause microvascular dysfunction or 
myocardial toxicity. Four studies have documented elevated 
plasma norepinephrine levels at presentation in 26 of 35 patients 
with takotsubo cardiomyopathy. Another report measured the 
magnitude of plasma catecholamine release in takotsubo cardio-
myopathy compared to Killip class III myocardial infarction 
(MI) patients. Concentrations of both epinephrine (1264 vs. 
376 pg/mL) and norepinephrine (2284 vs. 1100 pg/mL) were 
higher in takotsubo cardiomyopathy. Further support for a 

causative effect of catecholamines, and resulting microvascular 
dysfunction, includes findings of transient myocardial perfusion 
abnormalities consistent with stunned myocardium or multives-
sel coronary artery vasospasm in patients with takotsubo cardio-
myopathy. Additionally, endomyocardial biopsy data show 
histologic signs of catecholamine toxicity.

ClInICal PrESEntatIon

Many patients with stress-induced cardiomyopathy present with 
severe LV dysfunction and are, as a result, critically ill. Symp-
toms on presentation may include dyspnea, chest pain, or ven-
tricular arrhythmias.

The most common chief complaint in takotsubo cardiomy-
opathy is chest pain at rest (33% to 71%), with shortness of 
breath, syncope, and shock also reported. Important in the clini-
cal presentation may be the history of severe emotional distress, 
such as death of a family member, or other significant psycho-
logical stress. Chronic obstructive pulmonary disease exacerba-
tion, panic attack, arguments, and other emotionally charged 
situations have been reported as triggering scenarios. Cardio-
genic pulmonary edema may develop, particularly with fluid 
resuscitation in the setting of sepsis, pancreatitis, trauma, or the 
postoperative period—settings consistent with the diagnosis of 
stress-induced cardiomyopathy.

ECG findings typically mimic those in ST-segment elevation 
MI (STEMI) or other forms of acute coronary syndrome. The 
presentation of stress-induced cardiomyopathy may also result 
in ECG changes similar to those seen in intracranial hemor-
rhage, stroke, or head trauma; deep symmetric T-wave inver-
sions in the precordial leads with a prolonged QT interval have 
been associated with stress-induced cardiomyopathy in some 
reports. Acute systolic heart failure (3% to 46%) and dynamic 
intraventricular obstruction due to hyperdynamic basal seg-
ments (13% to 18%) may also be part of the presentation.

dIffErEntIal dIagnoSIS

Stress-induced cardiomyopathy typically presents with respira-
tory distress or pulmonary edema, in conjunction with LV dys-
function, ECG abnormalities, and elevated cardiac biomarkers. 
The clinical presentation of takotsubo cardiomyopathy is similar 
to STEMI.

Acute coronary syndromes are far more common than stress-
induced cardiomyopathy. For this reason, the clinician evaluat-
ing a patient with a recent history of emotional or physical stress 
should still consider the likelihood that the patient’s underlying 
physiology is that of ST-elevation or non-ST elevation MI.  
The diagnosis of stress-induced cardiomyopathy most often 
involves ruling out significant coronary artery disease by angi-
ography. Acute pulmonary embolism should also be considered. 
The possibility of myocarditis may be more difficult to distin-
guish from takotsubo cardiomyopathy at times. Either the 
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figure 25-1 Octopus pot. RAO, right anterior oblique.
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characteristic pattern of wall motion abnormality or the rapidly 
improving clinical course will distinguish takotsubo or any 
stress-induced cardiomyopathy from an acute coronary syn-
drome or myocarditis.

dIagnoStIC aPProaCh

The diagnosis of stress-induced cardiomyopathy depends  
upon a history of a severe stressor and the lack of evidence to 
support the diagnosis of an acute coronary syndrome. The 
appropriate history permits the clinician to then pursue the 
diagnosis of stress-induced cardiomyopathy using appropriate 
diagnostic studies.

In the spectrum of stress-induced cardiomyopathy, the diag-
nosis of takotsubo cardiomyopathy is best characterized based 
on criteria developed at the Mayo Clinic. If all four of the below 
criteria are met, the diagnosis of takotsubo cardiomyopathy can 
be confirmed.

1. Transient akinesis or dyskinesis of the LV apical and  
midventricular segments with regional wall motion abnor-
malities extending beyond a single epicardial vascular 
distribution

2. Absence of obstructive coronary disease or angiographic  
evidence of acute plaque rupture

3. New ECG abnormalities (either ST-segment elevation or 
T-wave inversion)

4. Absence of recent significant head trauma, intracranial bleed-
ing, pheochromocytoma, obstructive coronary artery disease, 
hypertrophic cardiomyopathy, or myocarditis

ECG

As noted, ECG is an important initial diagnostic tool in stress-
induced cardiomyopathy. The most common ECG abnormali-
ties are ST-segment and T-wave abnormalities. Findings range 
from nonspecific ST-segment and T-wave changes to deep, 
inverted T waves with concomitant QT prolongation or ST-
segment elevation and/or depression in a pattern similar to that 
seen in acute MI.

ST-segment elevation at presentation is reported in greater 
than 81% of takotsubo cardiomyopathy cases. Anterior ST 
changes are more common than inferior or lateral ST abnor-
malities. Additional findings may include right and left bundle 
branch blocks, T-wave inversions, pathologic Q waves, and pro-
longed corrected QT segments. Ogura and colleagues (2003) 
compared specific 12-lead ECG findings in takotsubo cardio-
myopathy and acute anterior MI. Q waves and inferior lead 
reciprocal changes were more common in acute anterior MI 
than in takotsubo cardiomyopathy. T-wave inversion in precor-
dial leads, a ratio of ST-segment elevation in V4 to V6 and V1 
to V3 of greater than 1.0, and QT dispersion were more 
common in takotsubo cardiomyopathy. Absence of inferior lead 
reciprocal changes combined with the ratio of ST-segment 
elevation in V4 to V6 and V1 to V3 was the most powerful predic-
tor of takotsubo cardiomyopathy, with a specificity of 100% and 
overall accuracy of 91%.
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Cardiac Biomarkers

The incidence of positive cardiac biomarkers at presentation in 
patients with takotsubo cardiomyopathy ranges between 56% 
and 100%. Troponin I or T is the most sensitive biomarker. In 
two case series, 100% of individuals with takotsubo cardiomy-
opathy were found to be troponin-positive. The most common 
pattern of cardiac biomarker elevation is a small, rapid increase 
with peak levels typically measured at presentation. While the 
incidence of biomarker elevation is less well described in other 
forms of stress-induced cardiomyopathy, many patients with 
critical illness–related cardiomyopathy have modest rises in 
cardiac troponin.

Cardiac Catheterization

Takotsubo cardiomyopathy typically presents with chest pain 
and ST-segment elevation on electrocardiogram, necessitating 
emergent diagnostic coronary angiography. Even when the 
diagnosis of takotsubo cardiomyopathy is suspected, initial man-
agement should proceed in accordance with current STEMI 
guidelines.

According to a review of multiple case series, all patients  
with takotsubo cardiomyopathy had either no angiographically 
detectable coronary artery disease or nonobstructive coronary 
artery disease defined as a stenosis of less than 50%. The  

classic description of takotsubo cardiomyopathy on left ven-
triculogram is apical dyskinesis in the absence of obstructive 
coronary artery disease (Fig. 25-2A–D). However, midventricu-
lar dyskinesis is also recognized as an atypical presentation 
accounting for up to 40% of takotsubo cardiomyopathy  
cases (Fig. 25-2E and F). Coronary angiography has also 
been utilized in some cases to show inducible multivessel  
coronary artery vasospasm and abnormal flow (based on throm-
bolysis in MI frame counts) in all three epicardial coronary 
arteries.

Intensive care unit patients with multisystem failure and 
stress-induced cardiomyopathy may be unable to safely undergo 
coronary angiography. Patients with trauma, intracranial bleed-
ing, pancreatitis, and the like are poor candidates for revascu-
larization, with its concurrent use of anticoagulation. In these 
settings, the risk-to-benefit ratio of cardiac catheterization pre-
cludes proceeding with an invasive evaluation. Importantly, in 
many of these cases the clinical presentation may not mimic 
STEMI as in takotsubo cardiomyopathy; thus, the sense of 
urgency for angiography is mitigated.

Transthoracic Echocardiography

Transthoracic echocardiography is recommended for initial 
evaluation and serial follow-up of LV function with suspected 

A. Coronary angiogram showing non-
     obstructive disease of the left
     coronary artery.

B. Coronary angiogram showing non-
     obstructive disease of the right
     coronary artery.

C. Normal end-diastolic left ventriculogram.

E. Normal end-diastolic left ventriculogram.D. End-systolic left ventriculogram showing
apical ballooning.

F. End-systolic left ventriculogram showing
midventricular ballooning.

figure 25-2 Takotsubo cardiomyopathy.
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stress-induced cardiomyopathy. In takotsubo cardiomyopathy, 
a mean LV ejection fraction (EF) ranges between 39% and  
49%, but may be as low as 20%. The EF rapidly increases over 
days to weeks to a mean follow-up LV EF of 60% to 76%. The 
return of normal global and regional LV function can confirm 
the diagnosis of stress-induced cardiomyopathy.

Cardiac Magnetic Resonance Imaging

Routine use of cardiac MRI is not generally required  
although it has been recently examined in clinical studies.  
One study of takotsubo cardiomyopathy patients who under-
went cardiac MRI showed 26% had right ventricular (RV)  
wall abnormalities. Those with RV dysfunction had an overall 
lower LV EF than did patients with normal RV function (40% 
to 48%). Follow-up cardiac MRI showed typical improvement 
of LV function as well as resolution of RV function.

Endomyocardial Biopsy

Four studies evaluated endomyocardial biopsy in the acute 
phase of takotsubo cardiomyopathy, and each found no convinc-
ing evidence of myocarditis. Biopsy is not routinely recom-
mended in any form of stress-induced cardiomyopathy.

ManagEMEnt and thEraPy

Optimal Treatment

There are limited data on optimal medical management for 
stress-induced cardiomyopathy. Observations based on pro-
spective and retrospective case series support the use of a medical 
regimen analogous to that recommended for treatment  
of patients with cardiomyopathy and systolic dysfunction. This 
includes initiation of a β-blocker (when the patient is euvolemic), 
an angiotensin-converting enzyme inhibitor, aspirin, and diuret-
ics, as needed. Marked improvement in LV dysfunction over 
days to weeks is typical for patients with stress-induced cardio-
myopathy. Anticoagulation to prevent thrombosis from signifi-
cant LV dysfunction may be considered until LV function 
improves. Patients should be monitored for atrial and ventricu-
lar arrhythmias, heart failure, and mechanical complications 
while in the hospital.

Avoiding Treatment Errors

Hypotension in patients with takotsubo cardiomyopathy is  
rare. Nevertheless, this clinical scenario warrants the timely 
evaluation for an intraventricular pressure gradient by either  
left heart catheterization or transthoracic echocardiography. 
Such a gradient can occur with apical and midventricular sys-
tolic dyskinesis if the LV base is hyperkinetic. Prompt diagnosis 
of this complication is important, because treatment differs  
from hypotension in the absence of intraventricular obstruction. 
In this setting, treatment must focus on maintaining an adequate 
end-diastolic LV volume and decreasing the intraventricular 
pressure gradient. Maintenance of end-diastolic LV volume  
is achieved by avoiding excessive diuresis and fluid resuscitation 
if pulmonary congestion is absent. β-blocker therapy increases 

diastolic filling time and may decrease the magnitude of  
the gradient. β1 agonists (particularly dobutamine) should 
be specifically avoided in the setting of hypotension with 
dynamic intraventricular obstruction. If hemodynamics do  
not improve with fluids and β-blockers, then phenylephrine 
can increase mean arterial pressure and reduce the gradient. 
Finally, placement of an intra-aortic balloon pump can mechan-
ically support the patient, although there is a small possibility 
that decreased afterload can worsen the interventricular 
gradient.

futurE dIrECtIonS

Diagnosis of stress-induced cardiomyopathy depends on 
meeting criteria (particular biomarker positivity and LV dys-
function) in the presence of an appropriate clinical scenario and 
the absence of significant coronary artery disease. Advances in 
imaging may ultimately prove to be valuable tools in assessing 
stress-induced cardiomyopathy. With recent technologic 
advances for imaging the coronary arteries (the use of 64-slice 
coronary CT angiography to exclude significant coronary ste-
noses) and improved knowledge of the role of catecholamines 
and other vasoactive molecules, it may be possible to diagnose 
stress-induced cardiomyopathy more accurately in the future. 
Nuclear medicine techniques, including 123I-metaiodobenzyl-
guanidine myocardial scintigraphy, could help clarify regional 
adrenergic receptors in stress-induced cardiomyopathy. A recent 
rat model of takotsubo cardiomyopathy may provide further 
insights into the pathogenesis. Studies of the potential role of 
the endocrine, central neural, and autonomic nervous systems 
may also be useful.

While much remains to be understood regarding the patho-
physiology of stress-induced cardiomyopathy, today’s therapeu-
tic approaches are effective. This, combined with the generally 
favorable prognosis and the likelihood that LV dysfunction typi-
cally resolves within weeks, suggests that the most important 
advances in the future will be in the area of early and accurate 
diagnosis of stress-induced cardiomyopathy.

addItIonal rESourCE

“Uptodate” Online Medical Resource. Available at: <http://www.uptodate.
com/home/index.html>; 2008 Accessed 23.02.10.

An evidence-based, peer-reviewed medical information resource providing a  
synthesis of the literature, the latest evidence, and specific recommendations for 
patient care.

EvidEncE

Akashi YJ, Goldstein DS, Barbaro G, Ueyama T. Takotsubo cardiomy-
opathy: a new form of acute, reversible heart failure. Circulation. 
2008;118:2754-2762.

Provides details regarding the mouse model of disease and the potential for 
estrogen replacement as a therapy.

Bybee KA, Kara T, Prasad A, et al. Systematic review: transient  
left ventricular apical ballooning: a syndrome that mimics ST- 
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segment elevation myocardial infarction. Ann Intern Med. 2004;141:
858-865.

A review of seven case series that proposes specific Mayo criteria for the clinical 
diagnosis of takotsubo cardiomyopathy due to its characteristic presentation.

Kurowski V, Kaiser A, von Hof K, et al. Apical and midventricular 
transient left ventricular dysfunction syndrome (tako-tsubo cardiomy-
opathy): frequency, mechanism, and prognosis. Chest. 2007;132:809.

Reports demographic, clinical, and outcomes data on takotsubo 
cardiomyopathy.

Ogura R, Hiasa Y, Yakahashi T, et al. Specific Findings of the standard 
12-lead ECG in patients with ‘takotsubo’ cardiomyopathy: comparison 
with the findings of acute anterior myocardial infarction. Circ J. 
2003;67:687-690.

Describes the 12-lead ECG findings in takotsubo cardiomyopathy and acute 
anterior MI, and identifies which are most specific and most accurate for the 
diagnosis of takotsubo cardiomyopathy.
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Bradyarrhythmias

Fong T. Leong and J. Paul Mounsey

I n adults, bradycardia refers to a ventricular rate that is less 
than 60 bpm. This figure is somewhat arbitrary and does  

not necessarily connote disease. For instance, it is common to 
find healthy athletes with resting heart rates of approximately 
40 bpm. In general, bradycardia becomes a clinical issue if it 
correlates with symptoms—syncope, dizziness, exercise intoler-
ance, breathlessness, angina, fatigue, or mental confusion. These 
correlations can be difficult to establish. Fatigue, for example, 
is a common complaint and may be merely coincidental with, 
and not caused by, slow heart rates.

Etiology and PathogEnEsis

It is simplest to regard bradycardia as a manifestation of quite a 
few noncardiac and cardiac causes (Box 26-1). When due to 
cardiac causes, bradycardia may be further categorized accord-
ing to the site(s) of delay or block within the cardiac conduction 
system: the sinus node, the atrioventricular (AV) node, the 
bundle of His, and the bundle branches/Purkinje network. Con-
ditions that alter the autonomic inputs to the sinus and AV 
nodes, diseases that interrupt the blood supply or the electro-
physiology of these structures, or drugs that modify the ionic 
properties of conductive cardiomyocytes can all lead to brady-
cardia. By far, sinus node dysfunction and AV block (either 
nodal or infranodal) account for the majority of clinically sig-
nificant bradyarrhythmias. Reflex-mediated syncope (subtypes 
of which retard the heart to varying extents) is described in 
Chapter 31. In this chapter, we focus on the cardiac causes of 
bradyarrhythmia (Fig. 26-1).

Sinus Node Dysfunction

In sinus node dysfunction (SND) there is delay or loss of impulse 
propagation from the sinoatrial (SA) node to the atria. Although 
congenital forms of this condition do occur, SND is mainly a 
disease of the elderly. The associated bradyarrhythmia is often 
progressive and also unpredictable in terms of how slow the 
heart rate may become. In addition, at the time of diagnosis,  
17% of patients with SND have coexistent AV node dysfunc-
tion. In those with solitary sinus node disease, new AV conduc-
tion abnormalities develop at a rate of approximately 2.5%  
per year.

Four different clinical presentations of SND have been 
described. These subtypes of SND are not mutually exclusive 
and may overlap.

InaPProPrIaTe SInuS BradycardIa

Persistent sinus bradycardia that does not improve with exercise 
is an early sign of SND. On the screening ECG, the PR interval 
is normal and the QRS complex is narrow, unless there is bundle 
branch block (BBB) that is either concomitant with the brady-
cardia or dependent on it (deceleration-dependent BBB).

SInuS arreST

In sinus arrest, the sinus node fails to depolarize, resulting in an 
atrial pause. The P-P interval encompassing this pause is not an 
exact multiple of the basic P-P interval (Fig. 26-2), indicating 
that the abnormality is not simply a blocked sinus impulse. Sinus 
pauses exceeding 3 seconds are highly suggestive of SND. Con-
versely, it is not uncommon to encounter asymptomatic sinus 
pauses of 2 seconds or less in the well-conditioned athlete or 
even in normal individuals.

SInoaTrIaL exIT BLock

In SA exit block, the SA node does fire automatically, but the 
impulse either fails to propagate into the atria (because of a 
conduction barrier within or around the SA node) or does so 
after a delay. In the former scenario, the atria are not depolar-
ized, and the expected P wave fails to materialize. Like AV 
block, SA exit block can be graded as first, second, or third 
degree, with second-degree SA block further classified into 
Mobitz type I (Wenckebach) or Mobitz type II. Type II SA 
block is the most common. In this circumstance, the failure of 
the sinus impulse to exit the node is intermittent, and the atrial 
pause produced is an exact multiple of the prevailing P-P inter-
val (see Fig. 26-2). In Wenckebach SA block, the P-P interval 
shortens progressively before the dropped beat. With third-
degree SA block, the ECG only records the escape rhythm (see 
Fig. 26-2). If no P waves are present, it is impossible to distin-
guish (by ECG criteria alone) third-degree SA block from  
prolonged sinus arrest. Clinically, this distinction is not impor-
tant; what matters is whether the patient is symptomatic. In 
first-degree SA block, there is an abnormally long interval 
between the sinus impulse and atrial capture. This condition, 
too, cannot be diagnosed from the surface ECG.

Tachy-Brady SyndroMe

Also known as sick sinus syndrome, tachy-brady syndrome is a 
common manifestation of SND. Here, the cardiac rhythm is 
interrupted by alternating periods of supraventricular tachyar-
rhythmias (most commonly atrial fibrillation) and bradycardia. 
Typically, the bradycardia is seen immediately after spontane-
ous termination of the tachycardia, and it may take the form  
of a prolonged sinus arrest, SA block, or a junctional escape 
rhythm. Because bradycardia occurs suddenly, patients fre-
quently experience dizziness or syncope. Indeed, the highest 
incidence of syncope associated with SND probably occurs in 
this group. Note that it is also possible for tachycardia to be 
initiated during spontaneous bradycardia or sinus arrest, perhaps 
because of the increased dispersion of refractoriness when the 
heart slows down. Some individuals with tachy-brady syndrome 
have periods of marked tachycardia and other, unassociated 
periods of marked bradycardia.
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Box 26-1 causes of Bradycardia

noncardiac Causes

Drugs
β-blockers
calcium channel blockers
antiarrhythmic drugs (e.g., amiodarone, ibutilide, 

flecainide, lidocaine)
digoxin
adenosine
opiate overdose
Lithium
Ivabradine
clonidine

Neurogenic
reflex-mediated syncope
raised intracranial pressure
Increased ocular pressure (e.g., during eye surgery)
neuromuscular disorders (e.g., myotonic dystrophy, 

Friedreich’s ataxia)
Guillain-Barré syndrome
dysautonomia (e.g., Shy-drager syndrome)

Endocrine and Metabolic
hypothyroidism
acidosis
electrolyte abnormalities
anorexia nervosa
Porphyria

Environmental and Infection-related
hypothermia
Lyme disease
chagas disease
envenomation (e.g., snakebite)
diphtheria
acute rheumatic fever
organophosphate insecticides

Others
Physiologic
Iatrogenic (e.g., following aortic valve replacement or 

supraventricular tachycardia ablation)
collagen vascular disease (e.g., rheumatoid arthritis, 

systemic lupus erythematosus, ankylosing spondylitis)
congenital

Cardiac Causes

Sinus node dysfunction
atrioventricular node dysfunction
hisian and infra-hisian block
Myocardial infarction (especially inferior)
Myocarditis
Myocardial infiltration: cardiac sarcoidosis, 

hemochromatosis, cardiac amyloidosis, Wegener’s 
granulomatosis

Atrioventricular Block

AV block occurs when there is a delay or nonconduction of an 
atrial impulse to the ventricles. It can result from normal or 
abnormal cardiac electrophysiology, can be transient (e.g., fol-
lowing inferior myocardial infarction) or permanent, and can 
occur at any or several levels of the AV node–His–Purkinje axis. 
Based on the ECG, AV block may be graded as first, second, or 
third degree, depending on whether AV conduction is merely 

delayed, intermittently blocked, or completely blocked. This 
classification has clinical implications, because the site of AV 
block (and hence the patient’s prognosis) may be inferred with 
reasonable accuracy from the rhythm. It is important to note 
that when the atria and ventricles beat independently of each 
other, AV dissociation occurs (Fig. 26-3). In clinical parlance, 
this term is applied when the ventricular rate, driven by a sub-
sidiary pacemaker, is the same or faster than the atrial rate. 
Because of this, the ventricles are functionally refractory to the 
slower atrial impulses.

FIrST-deGree aTrIoVenTrIcuLar BLock

First-degree AV block is defined as a PR interval greater than 
0.2 seconds. Each P wave is followed, after a constant delay, by 
a QRS complex (see Fig. 26-3). In that sense, the label “AV 
block” is incorrect, because no P waves are actually “blocked.” 
Because the PR interval reflects the time between the earliest 
recorded atrial activity and the onset of ventricular depolariza-
tion, first-degree AV block can arise from conduction delay  
in the AV node (the commonest mechanism), abnormally  
slow intra-atrial conduction (less common), or, even less often, 
His-Purkinje disease (in which case the evoked QRS complex 
will be broad). In individuals with dual AV node physiology, 
transient, abrupt, first-degree AV block may be seen when ante-
grade conduction jumps from the fast pathway (used normally) 
to the slow pathway (see Chapter 27). In the presence of con-
comitant organic heart disease (e.g., cardiac involvement from 
myotonic dystrophy or aortic root abscess from endocarditis), 
first-degree AV block may evolve unpredictably into higher 
degrees of heart block. Serial ECGs over time will reveal if there 
is progression of the first-degree AV block. Isolated first-degree 
heart block is benign and carries no increased mortality.

Second-deGree aTrIoVenTrIcuLar BLock

In second-degree AV block, there is intermittent interruption 
of AV conduction, so that some P waves are not followed  
by QRS complexes. Two types are recognized: Mobitz types I 
and II.

In Mobitz type I (Wenckebach) AV block, the delay in AV 
conduction increases with each successive impulse; in other 
words, the PR interval lengthens with each beat until a P wave 
is blocked (see Fig. 26-3). After the dropped ventricular beat, 
AV conduction recovers and the cycle repeats. Although the PR 
interval increases progressively, the magnitude of increment 
decreases during the Wenckebach cycle. Typically, the first P 
wave after the pause is associated with a normal PR interval, 
whereas the second P wave is associated with the greatest PR 
increment. When the evoked QRS complex is narrow, the site 
of Wenckebach AV block is almost always nodal in location. 
Wenckebach block at the level of the His bundle is rare. Even 
if the QRS complex is broad, the block is still more likely to be 
within the AV node, but in this circumstance it is also possible 
that the block is distal to the bifurcation of the His bundle. 
Mobitz type I block is often physiologic and can be observed 
during sleep. Uncommonly, Mobitz I block can be incessant. In 
this case, symptoms of fatigue or, rarely, syncope may require 
treatment.



chaPTer 26 • Bradyarrhythmias 217

Figure 26-1 Diagnostic algorithm for bradyarrhythmias (QRS rate <60 bpm). aV, atrioventricular; BBB, bundle branch block.

P wave

Normal axis and rhythm.
Each P wave followed
by a QRS

Constant and �200 ms Sinus bradycardia

Sinus arrest or exit
block (�/� junctional
or ventricular escape)

Sinus bradycardia with
1st degree heart block

Bradycardia with
isorhythmic AV
dissociation

Sinus rhythm with
Mobitz type I
(Wenckebach) block

Sinus rhythm with
Mobitz type II block

Sinus rhythm with
complete heart block

QRS complex generally narrow but
may be wide if there is BBB; each
QRS preceded by a P wave

QRS may be absent, narrow,
or broad following the missing
P wave, with variation reflecting
escape rhythm.

QRS complex generally narrow
but may be wide if there is BBB;
each QRS preceded by a P wave.

QRS complex generally narrow but
may be wide if there is BBB; fewer
QRSs than Ps; irregular rhythm;
QRS complexes ‘dropped’ in
cyclical manner

QRS complex typically wide; fewer
QRSs than Ps. QRS rhythm varies
according to P/QRS ratio, but is
generally regular.

QRS complex may be narrow or broad,
depending on origin of escape rhythm.
QRS � P wave rate. Rhythm is usually
regular.

QRS complex generally narrow.
QRS rate = P wave rate. Regular rhythm

Narrow and regular Junctional bradycardia

Constant and �200 ms   

Lengthens progressively,
until P wave fails to initiate
QRS. Pattern then repeats.

Constant, except for 
the pause(s). PR after 
the dropped QRS is
same as before.

Not applicable as there
is no relationship
between Ps and QRSs.

Not applicable as there
is no relationship
between Ps and QRSs.

Constant, except
for the pause(s)

Not applicable 

Disappears intermittently
and unpredictably

Absent. No fibrillatory
waves evident

Normal axis and rhythm.
Rate �60/min. Each P
wave followed by a QRS

Normal axis and rhythm.
Rate may be � or �60/
min. Not every P wave
followed by a QRS

Normal axis and rhythm.
Rate may be � or �60/min.
Not every P wave
followed by a QRS

Normal axis and rhythm.
Rate may be � or �60/min.
No relationship
between Ps and QRSs

Normal axis and rhythm.
Rate �60/min. No
relationship between
Ps and QRSs

PR interval QRS complex and rhythm Diagnosis

In Mobitz type II AV block, the PR interval is constant and 
does not change until the block occurs (see Fig. 26-3). Typically, 
bifascicular block or BBB is also present—usually right (R) BBB 
with left anterior fascicular block (LAFB). In a majority of these 
cases the site of block is at or below the level of the His bundle. 
When Mobitz type II block is seen with narrow QRS complexes 
(a rare combination), the block is generally within the bundle 
of His. Mobitz type II block can be differentiated from a non-
conducted atrial ectopic beat by (1) its uniform P-wave configu-
ration, (2) its constant P-P interval, and (3) the observation that 
the P-P interval encompassing the blocked P wave is twice as 
long as the prevailing P-P duration. If two or more consecutive 
atrial beats are blocked but others conduct to the ventricles, 
then the term advanced type II AV block is used. The distinction 
between Mobitz type I and type II AV block is important 
because type II block often progresses to complete heart block 
(thus compromising prognosis), whereas Wenckebach block 
rarely does so.

The question arises whether it is possible to designate fixed 
2 : 1 AV block as either type I or type II if the basic pattern  
has only one conducted P wave in it. Although it is not always 

Figure 26-2 Sinus arrest and sinoatrial exit block. 
aV, atrioventricular; Sa, sinoatrial.

Impulse 
blocked

Impulse 
blocked

SA node recovers
Sinus arrest

Escape 
mechanisms

Vagus nerve

P P P P P

SA node arrested

SA node
blocked by
organic disease

Low atrial or junctional escape beat

Type III SA
block with
low atrial
or junctional
rhythm

Type II SA block

Junctional escape beat (from
either AV node or His bundle)

Ventricular escape beat
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Figure 26-3 Atrioventricular conduction abnormalities. aV, atrioventricular.

P wave precedes each QRS complex but PR interval, although
uniform, is >0.2 seconds (>5 small boxes)

Fixed but prolonged PR interval: First-degree AV block

Progressive lengthening of PR interval with intermittent dropped beats
 

Sudden dropped QRS without prior PR lengthening 
 

Features of two types of atrioventricular block

Site of block

Type of escape rhythm

Underlying pathology

Rhythm before
complete block

AV node

Partial block

BlockDelayDelay

E. AV node
recovers;
PR normal
again

D. Conduction
fails; QRS
dropped

B. Conduction 
less good;
PR longer

C. Conduction
still less
good;
PR still
longer

PR PR PR PR PR PR

P

PR intervals do
not lengthen

Sudden dropped QRS
without prior PR changes

AV block at level
of bundle of His,
or at bilateral
bundle branches,
or trifascicular

A. Good, rapid
conduction
across crest
of AV node;
normal PR
interval

A B C D E

Junctional escape rhythm
   Narrow QRS
   Adequate rate (40–55 beats/min)

Right coronary artery disease,
  inferior infarction, edema
  around AV node

Preceded by Mobitz I (Wenckebach)
second-degree AV block

Bundle of His, bilateral bundle branch, or trifascicular

Ventricular escape rhythm
    Wide QRS
    Inadequate rate (20–40 beats/min)
    Risk of asystole

Left anterior descending coronary artery disease, large anteroseptal
   infarction, or chronic degeneration of conduction system

Preceded by Mobitz II second-degree AV block

P waves less frequent than QRS complexes
and totally unrelated to them

R

P

R R R R R R

P P P

T

Sinus node
slows down

Subsidiary
pacemaker in the
ventricle accelerates
and captures the
ventricles without conducting to the atria (which 
would have suppressed the sinus node further)

AV dissociation

“High” “Low”

No relation between P waves and QRS complexes:
Atrial rate slower than ventricular rate

Second-degree AV block: Mobitz I (Wenckebach)

Second-degree AV block:
Mobitz II (non-Wenckebach)

R
T

possible to distinguish the two, if the block worsens during 
exercise or with atropine and improves with vagal stimulation, 
it is likely to reside below the AV node and hence to be indica-
tive of the type II AV block. The converse observations will be 
true of type I AV block. In addition, if the PR interval is normal 
but the QRS complex is broad, type II block is again likely. 
However, if the PR interval is prolonged and associated with a 
BBB, or if the PR interval and QRS complex are both normal 

(Fig. 26-4), then the site of block can only be defined using 
intracardiac electrode recordings.

coMPLeTe or ThIrd-deGree aV BLock

Third-degree AV block is characterized by the failure of all 
atrial impulses to reach the ventricles (Fig. 26-5). The site of 
block can be inferred from the features of the escape rhythm 
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Figure 26-4 Second-degree atrioventricular block.

In the situation in which every other P wave is blocked, it is impossible
to tell whether the PR interval is progressively increasing (since there is
never more than one completed PR interval at a time). Thus, one cannot
differentiate between Mobitz I and Mobitz II, and it is unclear whether
the site of the block is at the AV node or in the His–Purkinje system. If
this differentiation is clinically vital, intracardiac electrophysiologic
study is necessary.

Figure 26-5 Complete atrioventricular (AV) block.

No relation between P waves and QRS complexes: QRS rate slower than P rate: Third-degree (complete) AV block

Block

Block

Atria and ventricles depolarize independently. QRS complexes less 
frequent; regular at 40 to 55 beats/min but normal in shape.

Atria and ventricles depolarize independently. QRS complexes less
frequent; regular at 20 to 40 beats/min but wide and abnormal
in shape.

P

R

T P

R

P T TP

R

P

R

P

R

T

P P

R

T

P P

R

P

T

1. Atrial impulse blocked at AV node.
Ventricles driven by an escape pacemaker
in bundle of His (relatively fast, narrow
complex escape rhythm)

2. Atrial impulses blocked below the His
bundle. Ventricles driven by a subsidiary
ventricular pacemaker (slow broad complex
escape rhythm)

distal to the choke point. Complete block of the AV node 
unmasks an escape pacemaker in the His bundle. In the absence 
of antecedent BBB, the rhythm produced has (1) narrow QRS 
complexes, (2) a heart rate of 40 to 60 bpm, and (3) a rate that 
increases with exercise or atropine. With block at or below the 
His bundle, the escape rhythm arises from a ventricular pace-
maker and (1) has a wide QRS complex, (2) a heart rate of 20 
to 40 bpm, and (3) a rate that fails to accelerate with atropine. 
Note that the escape rate is not necessarily critical to the 
patient’s safety. Instead, it is the site of origin of the escape 
rhythm that matters. A subsidiary pacemaker distal to the bundle 
of His can stop at any time (resulting in ventricular standstill) 
and is vulnerable to overdrive suppression (from, for example, 
a spontaneous burst of pause-dependent ventricular tachycar-
dia). In contrast, narrow complex escape rhythms are more 
stable.

conceaLed hIS exTraSySToLeS

Rarely, premature junctional beats that do not conduct to the 
atria or the ventricles (and hence remain “concealed” on the 
surface ECG) may penetrate the AV node retrogradely and 
cause conduction delay or even blockade of the subsequent atrial 
beat. This shows as first-degree or Mobitz type II AV block, 
respectively. Confirmation of this diagnosis requires His bundle 
recordings.

Chronic Multifascicular Blocks

A conduction disturbance of the right bundle branch or one  
of fascicles of the left (L) bundle branch is also known as a 
fascicular block (Box 26-2). By this definition, bifascicular block 

Box 26-2 Fascicular Block

ECg Criteria for left anterior Fascicular Block

1. Left axis deviation (–45 degrees or less*)
2. rS pattern in leads II, III, aVF
3. Qr pattern in aVL
4. Peak of r wave in aVL precedes peak of terminal r 

wave in aVr.
5. Peak of initial r wave in lead III precedes peak of 

initial r wave in lead II.

ECg Criteria for left Posterior Fascicular Block

1. right axis deviation (120 degrees or greater)
2. SIQIII pattern, with rS in lead I and Qr complexes in 

leads II, III, and aVF

*-45 degrees indicates a negative axis.
ecG, electrocardiographic.
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table 26-1 recommendations for Permanent Pacing in chronic Bifascicular Block

Class Recommendation level of Evidence*

I Permanent pacemaker implantation is indicated for advanced second-degree aV block or 
intermittent third-degree aV block.

B

Permanent pacemaker implantation is indicated for type II second-degree aV block. B
Permanent pacemaker implantation is indicated for alternating bundle-branch block. B

IIa Permanent pacemaker implantation is reasonable for syncope not demonstrated to be due to 
aV block when other likely causes have been excluded, specifically ventricular tachycardia.

B

Permanent pacemaker implantation is reasonable for an incidental finding at electrophysiologic 
study of a markedly prolonged hV interval (≥100 ms) in asymptomatic patients.

B

Permanent pacemaker implantation is reasonable for an incidental finding at electrophysiologic 
study of pacing-induced infra-his block that is not physiologic.

B

IIb Permanent pacemaker implantation may be considered in the setting of neuromuscular 
diseases such as myotonic muscular dystrophy, erb dystrophy (limb-girdle muscular 
dystrophy), and peroneal muscular atrophy with bifascicular block or any fascicular block, 
with or without symptoms.

c

III Permanent pacemaker implantation is not indicated for fascicular block without aV block or 
symptoms.

B

Permanent pacemaker implantation is not indicated for fascicular block with first-degree aV 
block without symptoms.

B

aV, atrioventricular.

can be associated with any of the following: (1) RBBB + LAFB, 
(2) RBBB + left posterior fascicular block (LPFB), or (3) LBBB 
alone. Similarly, disease of all three ventricular fascicles can 
present as (1) alternating RBBB and LBBB, or (2) RBBB + 
LAFB alternating with RBBB + LPFB. Confusingly, the latter 
combinations are not generally referred to as “trifascicular 
block.” Instead, the term trifascicular block is commonly used to 
indicate abnormal PR prolongation with concurrent bifascicular 
block (the AV node/His bundle regarded as an independent 
“fascicle”). Terminology aside, multifascicular blocks are clini-
cally relevant because of the small but finite risk (~1% per year) 
of progression to complete heart block. This risk is lower in 
individuals who have the common RBBB + LAFB combination, 
as compared with those who have the rare RBBB + LPFB dyad. 
Indications for pacing in chronic fascicular block are listed in 
Table 26-1.

diagnostiC aPPRoaCh

The clinical evaluation of bradycardia focuses on (1) correlating 
the documented rhythm disturbance with symptoms and (2) 
ascertaining the site of conduction block—given the importance 
of this in predicting the natural history, prognosis, and treat-
ment of the bradyarrhythmia. To this end, a careful patient 
history and 12-lead ECG of the bradyarrhythmia are absolutely 
vital. Sometimes it may be necessary to supplement the ECG 
with an atropine challenge or vagal stimulation to help differ-
entiate nodal from infranodal conduction block. Exercise testing 
is also valuable because it can provide objective evidence of 
chronotropic incompetence and can also confirm the level of 
block in second-degree heart block. When the suspected brady-
arrhythmia is intermittent or if symptom correlation is unclear, 

long-term rhythm recording is necessary. This can be done with 
an ambulatory Holter recorder (that documents the rhythm 
continuously for 24–72 hours), a patient-activated event monitor 
(typically kept by the patient for 1–3 months and activated at 
the time of symptoms), or an implantable loop recorder (inserted 
subcutaneously and capable of nonstop rhythm recording for up 
to 3 years). Very rarely, invasive electrophysiology studies are 
required, usually because documentation of suspected high-
grade AV block as the cause of dizziness or blackouts cannot be 
obtained noninvasively.

ManagEMEnt and thERaPy

Optimum Treatment

In the absence of torsades de pointes (see Chapter 31), docu-
mented asystole of 3 or more seconds, or a ventricular escape 
rhythm of less than 40 bpm, asymptomatic bradycardia does  
not require medical intervention. Symptomatic bradycardia, 
however, is most often treated with implantation of a permanent 
pacemaker (Tables 26-1, 26-2, and 26-3). The role of drugs for 
chronotropic support is limited and is confined to emergency 
use. Atropine (used during acute resuscitation to abolish vagal 
slowing of the heart) and isoproterenol (sometimes used until 
pacing is established) are examples of drugs given for this 
purpose.

Avoiding Treatment Errors

With bradyarrhythmias, a careful assessment of the patient’s 
symptoms, review of the drug history, and interpretation of the 
relevant ECG tracings are usually all that is necessary to avoid 
over- or undertreating the patient.

*evidence is ranked as: (1) Level a if the data were derived from multiple randomized clinical trials that involved a large number of 
individuals; (2) Level B if data were derived either from a limited number of trials that involved a comparatively small number of patients or 
from well-designed data analyses of nonrandomized studies or observational data registries; and (3) Level c if the consensus of experts was 
the primary source of the recommendation. See evidence Section for more details.
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table 26-2 recommendations for Permanent Pacing in Sinus node dysfunction

Class Recommendation level of Evidence*

I Permanent pacemaker implantation is indicated for Snd with documented symptomatic 
bradycardia, including frequent sinus pauses that produce symptoms.

c

Permanent pacemaker implantation is indicated for symptomatic chronotropic incompetence. c
Permanent pacemaker implantation is indicated for symptomatic sinus bradycardia that 

results from required drug therapy for medical conditions.
c

IIa Permanent pacemaker implantation is reasonable for Snd with heart rate <40 bpm when a 
clear association between significant symptoms consistent with bradycardia and the actual 
presence of bradycardia has not been documented.

c

Permanent pacemaker implantation is reasonable for syncope of unexplained origin when 
clinically significant abnormalities of sinus node function are discovered or provoked in 
electrophysiologic studies.

c

IIb Permanent pacemaker implantation may be considered in minimally symptomatic patients 
with chronic heart rate <40 bpm while awake.

c

III Permanent pacemaker implantation is not indicated for Snd in asymptomatic patients. c
Permanent pacemaker implantation is not indicated for Snd in patients for whom the 

symptoms suggestive of bradycardia have been clearly documented to occur in the absence 
of bradycardia.

c

Permanent pacemaker implantation is not indicated for Snd with symptomatic bradycardia 
due to nonessential drug therapy.

c

Snd, sinus node dysfunction.

table 26-3 recommendations for Permanent Pacing in acquired atrioventricular Block in adults

Class Recommendation level of Evidence*

I Permanent pacemaker implantation is indicated for 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.

c

Permanent pacemaker implantation is indicated for third-degree and advanced second-degree 
aV block at any anatomic level associated with arrhythmias and other medical conditions that 
require drug therapy that results in symptomatic bradycardia.

c

Permanent pacemaker implantation is indicated for 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 ≥3.0 sec or any escape rate <40 bpm, or with an escape 
rhythm that is below the aV node.

c

Permanent pacemaker implantation is indicated for third-degree and advanced second-degree 
aV block at any anatomic level in awake, symptom-free patients with aF and bradycardia with 
1 or more pauses of ≥5 sec.

c

Permanent pacemaker implantation is indicated for third-degree and advanced second-degree 
aV block at any anatomic level after catheter ablation of the aV junction.

c

Permanent pacemaker implantation is indicated for 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.

c

Permanent pacemaker implantation is indicated for 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 muscular atrophy, with or without symptoms.

B

Permanent pacemaker implantation is indicated for second-degree aV block with associated 
symptomatic bradycardia regardless of type or site of block.

B

Permanent pacemaker implantation is indicated for asymptomatic persistent third-degree aV 
block at any anatomic site with average awake ventricular rates of ≥40 bpm if cardiomegaly 
or LV dysfunction is present or if the site of block is below the aV node.

B

Permanent pacemaker implantation is indicated for second- or third-degree aV block during 
exercise in the absence of myocardial ischemia.

c

Continued

*evidence is ranked as: (1) Level a if the data were derived from multiple randomized clinical trials that involved a large number of 
individuals; (2) Level B if data were derived either from a limited number of trials that involved a comparatively small number of patients or 
from well-designed data analyses of nonrandomized studies or observational data registries; and (3) Level c if the consensus of experts was 
the primary source of the recommendation. See evidence Section for more details.
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Harrigan RA, Pollack ML, Chan TC. Electrocardiographic manifestations: 
bundle branch blocks and fascicular blocks. J Emerg Med. 2003;25:67–77.

Well-illustrated review of infranodal blocks.

Krahn AD, Klein GJ, Yee R, Skanes AC. The use of monitoring strategies 
in patients with unexplained syncope—role of the external and implantable 
loop recorder. Clin Auton Res. 2004;14(suppl 1):55–61.

Describes the use of loop recorders in unexplained syncope.

EvIDENcE

Epstein AE, DiMarco JP, Ellenbogen KA, et al. ACC/AHA/HRS 2008 
Guidelines for Device-Based Therapy of Cardiac Rhythm Abnormali-
ties: a report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines. Circulation. 2008;117:
e350–e408.

Latest consensus guidelines on the management of bradyarrhythmias.

table 26-3 recommendations for Permanent Pacing in acquired atrioventricular Block in adults—cont’d

Class Recommendation level of Evidence*

IIa Permanent pacemaker implantation is reasonable for persistent third-degree aV block with an 
escape rate >40 bpm in asymptomatic adult patients without cardiomegaly.

c

Permanent pacemaker implantation is reasonable for asymptomatic second-degree aV block at 
intra- or infra-his levels found at electrophysiologic study.

B

Permanent pacemaker implantation is reasonable for first- or second-degree aV block with 
symptoms similar to those of pacemaker syndrome or hemodynamic compromise.

B

Permanent pacemaker implantation is reasonable for 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 recommendation.

B

IIb Permanent pacemaker implantation may be considered for neuromuscular diseases such as 
myotonic muscular 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 unpredictable progression of aV conduction 
disease.

B

Permanent pacemaker implantation may be considered for aV block in the setting of drug use 
and/or drug toxicity when the block is expected to recur even after the drug is withdrawn.

B

III Permanent pacemaker implantation is not indicated for asymptomatic first-degree aV block. B
Permanent pacemaker implantation is not indicated for 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.
c

Permanent pacemaker implantation is not indicated for aV block that is expected to resolve and 
is unlikely to recur (e.g., drug toxicity, Lyme disease, or transient increases in vagal tone or 
during hypoxia in sleep apnea syndrome in the absence of symptoms).

B

aF, atrial fibrillation; aV, atrioventricular; LV, left ventricular.

FutuRE diRECtions

Important questions on the diagnosis, prognosis, and optimal 
treatment of bradyarrhythmias include (1) whether genetic 
abnormalities (yet to be defined) can be useful in assessing  
and establishing the timing of treatment in these patients, and 
(2) how best to determine the contribution of bradycardia to 
symptoms in patients with unclear presentation. It seems 
unlikely that pharmacologic approaches will be able to match 
the success of cardiac pacemakers in preventing symptoms and 
mortality and morbidity in patients with bradyarrhythmias. In 
the last decade, significant advances have been made in pace-
maker size and durability, and it is likely that advances in pace-
maker design will continue.

additional REsouRCEs

Fisher JD, Aronson RS. Rate-dependent bundle branch block: occurrence, 
causes and clinical correlations. J Am Coll Cardiol. 1990;16:240–243.

An excellent review of rate-dependent BBB.

*evidence is ranked as: (1) Level a if the data were derived from multiple randomized clinical trials that involved a large number of 
individuals; (2) Level B if data were derived either from a limited number of trials that involved a comparatively small number of patients or 
from well-designed data analyses of nonrandomized studies or observational data registries; and (3) Level c if the consensus of experts was 
the primary source of the recommendation. See evidence Section for more details.
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Supraventricular Tachycardia

Emily E. Hass and J. Paul Mounsey

S upraventricular tachycardia (SVT) is an abnormally rapid 
heart rhythm originating above or within the atrioventricu-

lar (AV) node. SVT is a tachyarrhythmia generally caused by  
a reentrant electrical circuit or a focal atrial origin and can  
be classified as AV nodal reentrant (AVNRT), AV reentrant 
(AVRT), or atrial tachycardia (AT). Symptoms can be varied but 
often include the sudden onset and termination of palpitations, 
with minimal associated physical examination findings. Knowl-
edge of ECG characteristics of various SVTs may aid in the 
diagnosis and treatment of each. Depending on multiple factors 
including symptomatology, risk, and patient preference, medical 
therapy or catheter ablation should be considered. This chapter 
provides an overview of the various mechanisms of SVT, their 
clinical presentations including ECG recognition, acute and 
chronic treatments, and prognoses.

ETiology and PaThogEnESiS

The different types of SVT can be divided into categories based 
on their site of initiation and mechanisms responsible for main-
tenance of the SVT. Potential sites of initiation of SVT include 
the sinus node, the atrium, the AV node, and the His bundle. 
Atrial arrhythmias may also originate from venous structures 
that directly communicate with the atria such as the pulmonary 
veins or superior vena cava. For the majority of SVTs, mainte-
nance of the rhythm involves a reentry circuit. The circuit 
generally involves two separate pathways through which electri-
cal impulses can cycle in a circular manner, generating rapid 
atrial and ventricular contractions. The reentry circuit usually 
occurs within the AV node itself or involves the AV node and 
an AV pathway consisting of a muscle bundle that directly con-
nects the atrium and the ventricle. Less common reentry circuits 
may involve the sinus node. The other major mechanism 
involves abnormal automaticity where a cardiac tissue normally 
lacking automaticity becomes spontaneously active. Focal AT is 
an example of abnormal automaticity.

This chapter discusses the three categories of SVT (AVNRT, 
AVRT, and AT). The other major atrial arrhythmias, atrial 
fibrillation and atrial flutter, are discussed in Chapter 28.

CliniCal PrESEnTaTion

Patients diagnosed with SVT are usually asymptomatic at the 
time of initial evaluation but have sought care because of tachy-
cardia-related symptoms before evaluation. Occasionally, indi-
viduals will present with an ominous symptom such as syncope, 
which is observed in approximately 15% of patients with SVT. 
Syncope associated with an SVT usually occurs either just after 
the onset of tachycardia, or with a pause after the termination 
of the episode. Rarely, sudden cardiac death is a presentation of 
SVT. Sudden cardiac death is almost always limited to individu-
als with Wolff-Parkinson-White (WPW) syndrome who also 
have atrial fibrillation and in whom rapid atrial fibrillation has 

degenerated to ventricular fibrillation and hemodynamic col-
lapse. Fortunately, the incidence of death in this instance is low; 
most studies suggest the rate of death from SVT is 0.15% to 
0.45% per patient-year.

Much more commonly, however, patients report more 
benign but bothersome symptoms including palpitations, light-
headedness, dyspnea, cardiac awareness, decreased exercise tol-
erance, presyncope, or chest discomfort. The history of onset 
and termination, the frequency and duration of the episodes, as 
well as possible inciting circumstances may be helpful in distin-
guishing the type of SVT.

Abrupt onset and termination of episodes and termination 
by vagal maneuvers is suggestive of either AVRT or AVNRT, 
both of which involve the AV node. Statistically, these together 
account for approximately 90% of SVTs. Episodes that begin 
and end gradually (“warming up” and “cooling down”) tend to 
be associated with automatic tachycardias such as sinus tachy-
cardia or ATs. Any described irregularity of the palpitations 
could predict atrial fibrillation, variably conducted atrial flutter, 
multifocal AT, or AT with block.

diffErEnTial diagnoSiS

Atrioventricular Nodal Reentrant 
Tachycardia

MEcHanisM

Excluding atrial fibrillation and atrial flutter, the most common 
SVT is AVNRT, accounting for approximately 60% of cases. 
AVNRT is characterized by the presence of two distinct path-
ways within the AV node that facilitate reentry by allowing an 
electrical impulse to cycle in one direction, creating a reentrant 
loop or circuit. The presence of two pathways is often referred to 
as dual AV nodal physiology. One pathway has a short conduction 
time but a long refractory period (fast pathway); the second has a 
long conduction time but a short refractory period (slow pathway). 
The differing conduction times and refractory periods of each 
pathway allow the electrical impulse to cycle in only one direc-
tion, using one pathway in the anterograde direction and one 
pathway in the retrograde direction. The pathways are joined 
into one final common pathway before impulses exiting the AV 
node to continue to the bundle of His (Figs. 27-1 and 27-2).

Typical or common AVNRT, which accounts for 95% of 
cases, employs the slow pathway in the anterograde direction 
and the fast pathway in the retrograde direction of the circuit. 
This is also termed slow-fast tachycardia. Conversely, in atypical 
or uncommon AVNRT, the anterograde limb of the circuit is 
rapidly conducting and the retrograde limb is slowly conduct-
ing, otherwise called fast-slow tachycardia.

Initiation of typical AVNRT is usually caused by a critically 
timed single premature atrial beat. Under normal circumstances, 
sinus beats are initially conducted down both the fast and slow 
pathways. The signal through the fast pathway reaches the final 
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figure 27-1 Representation of dual-pathway physiology.
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figure 27-2 Typical electrocardiographic recordings and anatomic representation of the common supraventricular tachycardias. aV, 
atrioventricular. From Delacretaz E. clinical practice. supraventricular tachycardia. N Engl J Med. 2006;354:1039–1051.
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common pathway before the impulse in the slower conducted 
limb and proceeds to exit the AV node. When the conduction 
through the slow pathway ultimately reaches the final common 
pathway, it collides with the fast pathway, which is now refrac-
tory, unable to support any impulse. The collision essentially 
extinguishes the slowly conducted impulse.

In the case of a critically timed atrial premature beat,  
however, the circumstances may be present to initiate AVNRT. 
Following a normal sinus beat that was conducted over the fast 
pathway, the fast pathway remains refractory longer than the 
slow pathway (fast pathway: rapid conduction, long refractory 
period; slow pathway: slow conduction, short refractory period). 
When a premature atrial beat reaches the AV node and finds 
the fast pathway refractory, it is transmitted anterogradely down 
the slow pathway. Upon reaching the final common pathway, 
the fast pathway has now recovered and is able to accept the 
impulse. The fast pathway is activated, conducting the impulse 
retrogradely, depolarizing the atria and then reentering the slow 
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pathway to conduct anterogradely again. This creates a sus-
tained reentrant tachycardia.

In a similar fashion, remembering that the slow and fast 
pathways serve equal but opposite functions in atypical as com-
pared with typical AVNRT, a ventricular premature beat may 
initiate the reentrant tachycardia by entering the slow pathway 
and conducting retrogradely. The circuit is then created in a 
manner similar to that described for common AVNRT.

EcG REcOGniTiOn

Typical and atypical AVNRTs usually present as a narrow-
complex tachycardia, although concomitant aberrancy/bundle 
branch block can rarely create a wide-complex tachycardia. 
Several differences in ECG characteristics may help distinguish 
between typical and atypical AVNRTs: P-wave morphology 
(width), P-wave location, and mechanism of initiation.

It should first be noted that the P-wave axis for both types  
is similar. In both, activation of the atria occurs in an inferior-
to-superior direction (retrograde conduction of the fast pathway 
in typical or the slow pathway in atypical AVNRT). This pro-
duces a negative (inverted) P-wave axis in the inferior leads II, 
III, and aVF. The AV node is located posteriorly, creating 
posterior-to-anterior activation of the atria and therefore pro-
ducing a positive (upright) P-wave axis in lead V1. P-wave width, 
on the other hand, differs in the two forms. In typical AVNRT, 
the P wave tends to be narrow, whereas in atypical AVNRT, it 
is wider because of the differences in anatomic location of the 
fast and slow pathways that activate the atria.

Typical AVNRT can be distinguished from atypical AVNRT 
on an ECG by comparing the location of the P wave in relation 
to the QRS complex. In typical AVNRT, near-simultaneous 
conduction to the ventricles via the slow pathway anterogradely 
and to the atria via the fast pathway retrogradely may rarely 
make P wave visible on the ECG because they are inscribed in 
the QRS complex. When visualized, the P waves occur in close 

figure 27-3 Atrioventricular nodal reentrant tachycardia. arrows show pseudo-s waves in ii and pseudo-R waves in V1.

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

proximity to the QRS, creating a short RP interval (RP interval 
less than half the RR interval). This can sometimes manifest as 
a “pseudo-S wave” in the inferior leads II, III, and aVF, and a 
“pseudo-R wave” in lead V1 (Fig. 27-3). Typical AVNRT, 
therefore, is an example of a “short-RP” tachycardia. In con-
trast, P waves are clearly visible in atypical AVNRT. Due to 
retrograde conduction through a slow pathway, the presence of 
the P wave occurs later than the QRS complex, resulting in an 
RP interval that is frequently longer than half the RR interval, 
called a long RP tachycardia (Fig. 27-4).

Another ECG feature that may help to distinguish typical 
from atypical AVNRT is the mode of initiation of the reentrant 
circuit. Though obviously difficult to obtain on a standard 
12-lead ECG, should a rhythm strip be available that demon-
strates an initiating atrial premature beat, the diagnosis is more 
likely typical AVNRT. A ventricular premature beat is more 
likely to precipitate an atypical AVNRT (Table 27-1).

Atrioventricular Reentrant Tachycardia

MEcHanisMs

Approximately 30% of SVTs result from the presence of an 
accessory AV connection causing an AV reentrant circuit. 
Similar to the mechanisms described with AVNRT, AVRT 
requires the presence of two distinct pathways: the normal AV 
conduction system, which almost always serves as the antero-
grade limb of the circuit, and an AV accessory pathway (AP) 
that usually forms the retrograde limb. The presence of two 
circuits with different conduction velocities and different refrac-
tory periods sets up the milieu for the possibility of a reentrant 
rhythm when initiated by a critically timed atrial or ventricular 
premature beat.

An AP is composed of a congenitally acquired abnormal 
muscle bundle joining the atrium and the ventricle, allowing 
direct electrical communication between them. The pathway 
may be capable of both anterograde and retrograde conduction 
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Table 27-1 clinical clues to the Differential Diagnosis of supraventricular Tachycardia

Tachycardia Prevalence Usual Presentation Electrocardiographic Characteristics

atrioventricular nodal reentrant

common common Paroxysmal P waves hidden, pseudo-R in V1, pseudo-s in ii or iii
Uncommon Uncommon Paroxysmal inverted P waves, RP > PR

accessory pathway–mediated supraventricular

Orthodromic atrioventricular 
reentrant

common Paroxysmal inverted P waves,* RP < PR, QRs alternans

atrial fibrillation 
(Wolff-Parkinson-White)

common Paroxysmal irregularly irregular, variable QRs configuration

antidromic atrioventricular 
reentrant

Rare Paroxysmal inverted P waves, wide and bizarre QRs

Permanent junctional 
reciprocating

Rare incessant inverted P waves,* RP > PR

sinus node reentrant Uncommon Paroxysmal Upright P waves, RP > PR

Unifocal atrial

Reentrant Uncommon Paroxysmal Upright, biphasic, or inverted P waves; RP > PR
automatic Rare incessant Upright, biphasic, or inverted P waves; RP > PR; 

variable atrial rate
Multifocal atrial common incessant Variable P waves, variable rate, variable PR intervals

From Ganz LI, Friedman PL. Supraventricular tachycardia. n Engl J Med. 1995;332:162–173.
* The electrocardiographic lead or leads showing inverted P waves are related to the site of the earliest atrial activation during tachycardia.

figure 27-4 Long RP tachycardia with inverted P waves highlighted by arrow.

I aVR V1

V1

V4

II aVL V2 V5

III aVF V3 V6

or may conduct only in one direction. Unlike the normal con-
duction system, which contains a “slowing mechanism” (the AV 
node), APs do not contain any means for delaying conduction. 
Therefore, when the AP conducts anterogradely (from atrium 
to ventricle), the electrical impulse arrives at the ventricle 
rapidly, preceding the arrival of the impulse conducted through 
the normal conducting system. This is known as “preexcitation” 
of the ventricle. The fusion of the impulse conducted through 
both circuits produces a characteristic ECG pattern during sinus 
rhythm referred to as the WPW pattern, consisting of a short 
PR interval and a delta wave (Fig. 27-5). The delta wave occurs 

because a portion of the ventricles are activated instantaneously 
via the AP. The remainder of the QRS is normal, because it  
is activated via the AV node and His-Purkinje system. It is 
notable that patients are given the diagnosis of WPW syndrome 
only when they have both a WPW ECG pattern and tachyar-
rhythmias. Many patients with the WPW pattern may never 
experience tachycardia and therefore do not have the WPW 
syndrome.

When an AP conducts only in a retrograde direction (from 
ventricle to atrium), there is no ventricular preexcitation, result-
ing in a normal-appearing ECG in sinus rhythm. This is referred 
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figure 27-5 Wolff-Parkinson-White pattern with delta waves highlighted by arrows.
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to as a “concealed” pathway, because it is only apparent when 
there is tachycardia. Occasionally, a pathway that conducts 
anterogradely may appear concealed if intrinsic AV nodal con-
duction is rapid or if the AP is located far from the sinus node. 
In these cases, the normally conducted impulse reaches the 
ventricle more quickly than the AP impulse, and a delta wave 
may be difficult to appreciate on the ECG. Slowing or blocking 
AV nodal conduction, for example with adenosine, may help to 
expose such a pathway.

The reentrant loop created by the normal conducting system 
and an AP allows AVRT to occur. AVRT can be further classi-
fied into two subtypes: orthodromic (OAVRT) or antidromic 
(AAVRT). If the electrical impulse travels anterogradely down 
the AV node and then retrogradely up the AP, it is termed 
orthodromic reciprocating tachycardia, which accounts for 90% to 
95% of tachycardias in patients with WPW syndrome. In 
AAVRT, the impulse travels in the reverse direction, with 
anterograde conduction down the AP followed by retrograde 
propagation up the AV node.

There is also a relatively uncommon variant of OAVRT  
in which the retrograde impulse propagation in the AP is unusu-
ally slow. Slow conduction through both limbs of the reentrant 
loop (the AV node and the AP) creates a stable, incessant circuit 
leading to a persistent tachycardia called permanent junctional 
reciprocating tachycardia (PJRT). Because it is often incessant, 
PJRT may lead to a tachycardia-mediated cardiomyopathy, 
which may be the presenting scenario leading to this 
diagnosis.

Of patients with WPW syndrome, approximately 10% to 
30% experience atrial fibrillation, a rhythm that can potentially 
produce ventricular rates that exceed 300 bpm, posing an 
obvious threat of hemodynamic compromise. The rapid, disor-
ganized atrial activity of atrial fibrillation can bombard an 
anterograde AP, a pathway with a short refractory period  
that typically shows rapid, nondecremental conduction. The 
pathway, in turn, can propagate the electrical impulses to the 
ventricle, producing rapid ventricular depolarization. This can 

be particularly hazardous in patients with multiple APs. Under 
such circumstances, atrial fibrillation with an extremely rapid 
ventricular response can potentially degenerate into ventricular 
fibrillation, leading to sudden death.

The refractory period of the AP is a key determinant in the 
development of ventricular fibrillation. APs with longer refrac-
tory periods pose less risk, because they become inexcitable at 
faster heart rates. Risk stratification can be performed noninva-
sively via stress testing or administration of intravenous medica-
tions such as procainamide that block conduction in pathways 
with long refractory periods but not short ones. The disappear-
ance of the delta wave at relatively low exercise heart rates or 
with the drug administration is indicative of a long refractory 
period. Intermittent presence of preexcitation on a resting 
ECG—that is, ECGs with and without preexcitation on differ-
ent days—is also thought to indicate low risk. Unfortunately, 
the noninvasive tests have limited sensitivity and specificity, and 
the gold standard to determine risk is an invasive electrophysi-
ologic study that allows accurate definition of the characteristics 
of the accessory pathway(s).

EcG REcOGniTiOn

The ECG findings of an anterograde AP during sinus rhythm 
include the short PR interval and the delta wave of ventricular 
preexcitation (WPW pattern) as described above. Atrial or ven-
tricular premature beats may initiate AVRT with a mechanism 
similar to that described with AVNRT. The tachycardia will be 
orthodromic or antidromic; the two types show distinctly dif-
ferent ECG morphologies (Fig. 27-6).

OAVRT demonstrates a narrow QRS complex (i.e., without 
delta waves) with rates ranging from 150 to over 250 bpm. In 
OAVRT, because the ventricles are depolarized through the 
normal conducting system, there is no preexcitation of the ven-
tricle and therefore no delta wave is seen. P waves will generally 
appear within the ST-T wave segment, with an intermediate RP 
interval. Though often difficult to distinguish from AVNRT, 
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the difference in the RP interval (intermediate vs. short) may be 
helpful in making the diagnosis by ECG. Additionally, ST-
segment depression in either the inferior or precordial leads 
resembling that of cardiac ischemia may be present in OAVRT 
and may be a clue to the AP’s location.

The ECG of AAVRT demonstrates a wide-complex QRS 
due to full preexcitation of the ventricles by the anterograde 
conduction over the AP. The rhythm is regular with rates up to 
250 bpm, and P waves are usually obscured by the wide QRS 
complex. Due to retrograde activation of the atria via a relatively 
slow AV nodal system, when P waves are identified they are 
retrograde with a relatively long RP interval. Though a diag-
nostic challenge, this longer RP interval may be helpful in dis-
tinguishing AAVRT from AVNRT with aberrancy.

The rate associated with PJRT is generally slower than the 
other AVRTs, ranging from approximately 120 to 150 bpm. 
Anterograde ventricular activation is via the AV nodal system, 
so the QRS is narrow. Because of a slowly conducting retro-
grade AP, retrograde inverted P waves are easily seen in the 
inferior leads, and the RP interval is characteristically long.

Atrial fibrillation in WPW syndrome is characterized by  
a rapid, irregular rhythm with a wide-complex QRS due to a 
fully preexcited ventricle caused by anterograde conduction 
down the AP(s). With extremely rapid ventricular rates, the 
irregularity may be difficult to recognize and could be  
challenging to initially distinguish from ventricular tachycardia 
(Fig. 27-7).

Atrial Tachycardia

MEcHanisMs

SVTs arising from an atrial focus other than the sinus node are 
ATs. The two most common ATs are atrial fibrillation and atrial 

figure 27-7 Wolff-Parkinson-White syndrome with rapid atrial 
fibrillation.
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II aVL V2 V5

III aVF V3 V6

flutter (Chapter 28). The remainder of ATs represents only 
10% of presenting SVTs.

Unifocal ATs may arise from distinct anatomic locations 
within the atria. Common origins include the crista terminalis 
of the right atrium, the atrial septum, the mitral valve annulus, 
and the pulmonary veins. ATs are usually paroxysmal but are 
sometimes incessant, and atrial rates are generally slower than 
250 bpm. Incessant ATs, like PJRT, may produce a tachycardia-
induced cardiomyopathy.

AT is caused by abnormal automaticity, triggered activity, or 
intra-atrial reentry. Automaticity is the spontaneous generation 
of action potentials (and therefore myocardial depolarization) 
and is the mechanism by which the normal heart rhythm is 
generated. When automaticity occurs in myocardial tissue that 
is not normally automatic (e.g., atrial or ventricular myocar-
dium), this is called abnormal automaticity and results in a 
tachyarrhythmia. Notably, increased sympathetic tone enhances 
automaticity, so in automatic ATs a wide variation in rate may 
occur depending on autonomic tone, and rates may exceed 
250 bpm during exercise.

Triggered activity is generated by an interruption in repo-
larization that then “triggers” another action potential causing 
enhanced depolarization of atrial tissue. This is probably the 
mechanism of AT induced by digoxin toxicity, which causes 
intracellular calcium overload. The resulting AT has variable 
ventricular conduction because of digoxin’s influence on the  
AV node.

Reentrant AT results from abnormalities in intra-atrial con-
duction and refractoriness, and tachycardias are sustained by 
reentry. The commonest reentrant ATs are atrial flutter and 
atrial fibrillation. Unlike other reentrant SVTs described above, 
however, atrial reentry is usually precipitated by underlying 
structural heart disease or scars from cardiac surgery.

EcG REcOGniTiOn

ATs produce a P wave before the QRS, the morphology  
of which is different from that produced from the sinus node 
and is dependent on the site of origin (see Fig. 27-7). The PR 
interval is dependent on the rate of the tachycardia, although 

figure 27-6 Mechanism of atrioventricular reentrant 
tachycardia in patients with the Wolff-Parkinson-
White syndrome. aVn, atrioventricular node; 
aP, accessory pathway. From Ganz Li, Friedman 
PL. supraventricular tachycardia. N Engl J Med. 
1995;332:162–173.
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figure 27-8 Diagnosis of narrow-complex supraventricular tachycardia. aV, atrioventricular; aVnRT, atrioventricular nodal reentrant 
tachycardia; aVRT, atrioventricular reentrant tachycardia; PJRT, permanent junctional reciprocating tachycardia; PP, PP 
interval; RP, RP interval; snRT, sinus node reentrant tachycardia.
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the RP interval is usually long. An isoelectric baseline between 
P waves may help to distinguish this tachycardia from  
atrial flutter along with an atrial rate that is generally slower. 
The presence of AV block in the setting of abnormal P-wave 
morphology rules out AV reciprocating tachycardias (AVNRT 
or AVRT), because those tachycardias require a 1 : 1 AV 
relationship.

Multifocal AT is an irregular tachycardia that may be con-
fused with atrial fibrillation. ECG diagnosis of multifocal AT is 
made based on the irregular rhythm with three or more differ-
ent P-wave morphologies and rates faster than 100 bpm. Com-
monly there is variation in the PR intervals and variability in 
AV block. Isoelectric intervals between P waves and rates typi-
cally slower than atrial fibrillation may help distinguish the two 
(Fig. 27-8).

ManagEMEnT and ThEraPy

Optimum Treatment

acUTE ManaGEMEnT

In a hemodynamically stable patient with a narrow-complex 
tachycardia, vagal maneuvers including Valsalva or carotid 
massage should be the initial branch in the algorithm for man-
agement of SVT. Because the majority of SVTs depend on the 
AV node as part of their reentry circuit, slowing conduction in 
the AV node should help to slow or break the tachycardia. Vagal 
maneuvers do this by increasing parasympathetic tone and sym-
pathetic withdrawal.

If the maneuvers fail to terminate the tachycardia, adminis-
tration of intravenous AV-nodal–blocking agents should be  
the next step in treatment. Potential drug choices include ade-

nosine, non-dihydropyridine calcium channel blockers such as  
verapamil or diltiazem, or β-blockers (metoprolol or esmolol). 
Among these, adenosine is the preferable agent because of its 
rapid onset and short half-life. Approximately 90% of SVTs  
can be terminated with 12 mg of adenosine if they are due to 
AVNRT or AVRT. Occasionally, ATs are also adenosine- 
sensitive. A continuous ECG should be performed during the 
adenosine administration, since the pattern of termination or 
response may be diagnostic. A tachycardia that terminates with 
a P wave shortly after a QRS complex probably indicates 
AVNRT or AVRT, whereas a terminal QRS complex favors AT 
as the diagnosis. AV block with continuation of a rapid atrial 
rate is diagnostic of AT.

Caution is warranted with adenosine use in patients with 
bronchospastic disease and in heart transplant patients who may 
have an exaggerated response to adenosine and, hence, a risk of 
prolonged asystole. Adenosine use in WPW syndrome with 
rapidly conducted atrial fibrillation may be deadly; by blocking 
AV-nodal conduction, atrial impulses are preferentially trans-
mitted down a rapidly conducting AP, leading to an increase  
in ventricular rate and the potential to develop ventricular  
fibrillation. Therefore, in a wide-complex tachycardia, unless 
SVT with aberrancy is known, adenosine should be avoided 
(Fig. 27-9).

If SVT continues despite adenosine or if adenosine is con-
traindicated, intravenous verapamil, diltiazem, or a β-blocker 
may terminate the tachycardia. Calcium channel blockers, 
though rarely terminating an AT, may be preferable to provide 
symptomatic relief by reducing the ventricular rate in this type 
of SVT. The disadvantages of these agents are their relatively 
longer half-life, as well as their negative inotropic and hypoten-
sive effects. Concomitant doses of these agents may provoke 
bradycardia after termination of the tachycardia. As with 
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figure 27-9 Effect of adenosine on atrioventricular reentrant tachycardia, atrioventricular nodal reentrant tachycardia, and atrial 
tachycardia. aEG, atrial electrogram. From Ganz Li, Friedman PL. supraventricular tachycardia. N Engl J Med. 
1995;332:162–173.
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adenosine, calcium channel agents should be avoided in WPW 
with atrial fibrillation.

Acute management of WPW with atrial fibrillation depends 
on hemodynamic stability. If unstable, electric cardioversion is 
recommended. If stable, it is reasonable to administer intrave-
nous drugs that lengthen the refractory period of the AP such 
as procainamide, ibutelide, or flecainide. It cannot be over-
emphasized that adenosine, calcium channel blockers, or 
β-blockers should be avoided in this arrhythmia.

LOnG-TERM TREaTMEnT

The decision for pharmacologic treatment versus catheter abla-
tion for SVT largely depends on the patient’s symptom burden 
and response to medications, as well as the risk attributed to the 
arrhythmia if untreated. For patients with infrequent episodes 
of prolonged but relatively well-tolerated tachycardia that  
are not responsive to vagal maneuvers, a “pill-in-the-pocket” 
approach may be reasonable in those with AVNRT and with 
AVRT without preexcitation. This approach entails the self-
administration of one dose of a rapid-acting AV-node–blocking 
medication with onset of the tachycardia in an attempt to ter-
minate it. The combination of a single dose of 120 mg of diltia-
zem with a single dose of 80 mg of propranolol has a beneficial 
effect without substantial risk of bradycardia or hypotension. In 
patients without structural heart disease, systolic dysfunction, or 
coronary artery disease, a single dose of the antiarrhythmic drug 
flecainide is also an option.

Frequent, recurrent episodes of tachycardia may require  
prophylactic options including medical or radiofrequency cath-
eter ablation therapy. In those with AVNRT or OAVRT with 
a concealed pathway, AV-nodal–blocking drugs such as vera-
pamil, β-blockers, or digoxin may be efficacious in preventing 
tachycardic episodes for approximately 30% to 60% of patients. 
If these agents are unsuccessful, a class IC (flecainide or propafe-
none) or class III antiarrhythmic (amiodarone or sotalol) may 
be considered. Although these may be more effective in pre-
venting SVT, there are generally more potential side effects 

attributed to these drugs that must be weighed against their 
benefits.

Medical therapy in those with WPW syndrome can be con-
sidered, although catheter ablation is the treatment of choice. 
Unless the AP is proven to have a long refractory period, verap-
amil and digoxin are contraindicated because of the risk of 
precipitating a rapid ventricular response during atrial fibrilla-
tion. Class IC agents are effective by slowing anterograde con-
ducting pathways, with improved efficacy with the addition of 
a β-blocker.

Patients with SVT who cannot tolerate medical therapy, 
whose condition is refractory to it, or who would prefer not to 
take medications should consider radiofrequency catheter abla-
tion. This can be used either as a first- or second-line option of 
treatment, achieving resolution of tachycardia in approximately 
95% of patients following ablation of a pathway associated with 
the tachycardia. Particularly in WPW patients who are at risk 
for rapidly conducted atrial fibrillation due to a fast AP, catheter 
ablation should be the initial treatment. Decisions to pursue 
ablation for other forms of SVT should be driven by patient 
preference, lifestyle or occupational issues, drug efficacy, the 
presence of structural heart disease, and the availability of an 
experienced operator to perform the procedure.

An electrophysiology study is generally performed to localize 
and define the characteristics of various pathways before the 
actual ablation. Ablation for AVNRT usually targets the slow 
pathway of the reentry circuit, successfully alleviating tachycar-
dia in approximately 95% of individuals following the proce-
dure. The major risk of catheter ablation of the AV node slow 
pathway is the risk of heart block (0.5%), occasionally necessi-
tating permanent pacing. In WPW syndrome, catheter ablation 
of APs also carries a 95% success rate, although there is a pos-
sibility that an AP will recur in approximately 5% of individuals, 
requiring a second procedure. Left lateral AP ablation, as 
opposed to other anatomic locations, tends to be most success-
ful. Heart block is a risk only when the pathway is located close 
to the AV node, and this is an uncommon location for an  
AP. Focal AT ablation targets the origin of the tachycardia  
and is successful approximately 90% of the time, with an 8% 
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Other antiarrhythmics, except for sotalol, are generally consid-
ered category D (contraindicated) and should be avoided.

fUTUrE dirECTionS

Indications for catheter ablation of SVTs have increased with 
advances in ablation technology including new endocardial 
mapping techniques. Further advances in ablation catheter 
design and energy modalities including cryoablation and highly 
focused ultrasound should theoretically improve the ability to 
treat SVT via catheter ablation.
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recurrence. Because of the incessant nature of some ATs, cath-
eter ablation should be considered the initial therapy because of 
the risk of developing a tachycardia-associated cardiomyopathy. 
The same is true of PJRT.

Avoiding Treatment Errors

As noted, it is critically important to emphasize that adenosine, 
calcium channel blockers, and β-blockers are absolutely contra-
indicated in the treatment of WPW with atrial fibrillation. Use 
of these agents in this particular arrhythmia risks conversion to 
ventricular fibrillation and death.

Care should be taken to ensure that a patient does not have 
bilateral carotid stenosis before carotid massage for vagal stimu-
lation. It should be noted that patients with heart transplant  
may have an exaggerated response to adenosine, risking asystole. 
Adenosine should also be used with caution in those with bron-
chospastic disease.

Prognosis and Special Populations

Prognosis for most SVTs is excellent. Most carry little risk of 
morbidity, particularly if treated either medically or with abla-
tion. Few exceptions are noted: PJRT, incessant ATs, or inap-
propriate sinus tachycardia may lead to the development of a 
tachycardia-induced cardiomyopathy. Elimination of the tachy-
cardia generally carries a good prognosis for recovery of ven-
tricular function. Any of the SVTs may cause hemodynamic 
compromise or syncope during prolonged episodes or in cases 
of hypovolemia. In general, however, the risk of death under 
such circumstances is minimal.

The exception in which the risk of sudden cardiac death is 
still low but nevertheless increased is WPW syndrome, esti-
mated at 0.15% to 0.4% over 3 to 10 years’ follow-up. For this 
reason, risk stratification in special populations with WPW syn-
drome bears careful consideration. Athletes with WPW, for 
instance, represent a population with a heightened risk for 
sudden cardiac death. The increased incidence of atrial fibrilla-
tion in athletes, as well as the heightened adrenergic state 
imposed during physical activity, predisposes these individuals 
to rapidly conducted atrial fibrillation leading to ventricular 
fibrillation and death. Though not necessarily a population par-
ticularly predisposed to sudden death, pilots or persons in other 
high-risk occupations with WPW syndrome also deserve careful 
risk stratification with consideration for catheter ablation.

SVT in pregnancy adds some risk to the usual treatment 
because of the fear of potential effects on the fetus. Because 
pregnancy may exacerbate SVT symptoms in approximately 
20% of women with SVT, women with symptomatic SVT 
should consider catheter ablation before becoming pregnant, if 
possible. In those with minimal symptoms, no treatment is rec-
ommended. If urgent conversion of AVNRT is necessary and 
vagal maneuvers do not suffice, then adenosine administration 
is considered safe for both mother and fetus, as is direct current 
cardioversion. For preexcited atrial fibrillation, procainamide is 
acceptable treatment. Should prophylactic medication be neces-
sary, digoxin, propranolol, or metoprolol are recommended as 
category B drugs in pregnancy without known significant effects 
on the fetus, particularly during the second and third trimesters. 
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Atrial Fibrillation

Anil K. Gehi and J. Paul Mounsey

A trial fibrillation (AF), a supraventricular tachyarrhythmia 
characterized by uncoordinated atrial activation, is the 

most common sustained cardiac rhythm abnormality. The 
increase in the prevalence of AF is probably due to a combina-
tion of factors, including the aging of the population, a rising 
prevalence of chronic heart disease, and more frequent diagnosis 
by way of enhanced monitoring devices.

AF increases in prevalence with age, with rates of 5% to 10% 
reported in those older than 80 years. It is more common in 
men and less common among African Americans. Often AF is 
associated with structural heart disease, although a significant 
proportion of patients have no detectable heart disease.

DeFinition AnD ClAssiFiCAtion

On ECG, AF is characterized by the replacement of P waves 
with rapid oscillating or fibrillatory waves that vary in ampli-
tude, shape, and timing associated with an irregular ventricular 
response (Fig. 28-1). The rapidity of the ventricular response to 
AF depends on properties of the atrioventricular (AV) node, the 
level of autonomic tone, the presence of accessory conduction 
pathways, and the effects of various medications. AF may occur 
in association with other arrhythmias, including atrial flutter or 
atrial tachycardia.

Several classification schemes have been used to describe the 
pattern of AF, such as acute, chronic, paroxysmal, and constant. 
The preferred classification is to use the term recurrent when a 
patient has had two or more episodes of AF. If the episodes 
terminate spontaneously, AF is designated paroxysmal. If epi-
sodes last beyond 7 days, AF is designated persistent. If cardio-
versions of AF fail or are not attempted, AF is designated  
as permanent. The designation of lone AF generally applies to 
young individuals without clinical or echocardiographic evi-
dence of cardiopulmonary disease, including hypertension.

etiology AnD PAthogenesis

Histologically, the atria in patients with AF are frequently found 
to demonstrate patchy atrial fibrosis. Potential triggers of fibro-
sis may include inflammation or atrial stretch in response to 
heart disease such as valvular disease, hypertension, or heart 
failure. However, just as atrial stretch may lead to AF, AF itself 
worsens atrial stretch as a result of poor atrial contractility.

The onset and maintenance of AF require an initiating event 
in the setting of an anatomic substrate. Currently existing data 
support two schools of thought regarding the genesis of atrial 
fibrillation: (1) the automatic-focus hypothesis and (2) the mul-
tiple-wavelet hypothesis. The focal origin of AF gained credibil-
ity when it was found that often a focal source could be identified 
and that ablation of this source could abolish AF. It was estab-
lished that cardiac muscle with preserved electrical properties 
extends into the pulmonary veins of the left atrium. Most often 
the pulmonary veins were the source of automatic foci that, 

when they propagate rapidly through an appropriate anatomic 
substrate, could lead to AF. The multiple-wavelet hypothesis 
proposes that fractionation of the electrical wavefronts in the 
atria leads to daughter wavelets of electrical activity. A large  
atrial mass in addition to other factors increases the number of 
wavelets, thereby leading to sustained AF. It is likely that these 
mechanisms are not mutually exclusive and may coexist in the 
same patient to a varying degree along a spectrum of disease.

AF acutely has adverse hemodynamic consequences as a 
result of loss of synchronous atrial mechanical activity, irregu-
larity of ventricular response, rapid heart rate, and impaired 
coronary arterial blood flow (Fig. 28-2). Loss of atrial contrac-
tion may most markedly affect cardiac output in those with 
impaired diastolic filling who are most dependent on atrial func-
tion, such as those with left ventricular hypertrophy (LVH) or 
hypertension.

Persistently elevated ventricular rates can produce tachycar-
dia-induced cardiomyopathy. Importantly, control of the ven-
tricular rate may reverse the cardiomyopathic process.

AF is associated with a significantly increased risk of throm-
boembolic stroke (see Fig. 28-2). Reduced blood flow velocity 
in the left atrial appendage due to loss of organized mechanical 
contraction leads to stasis and thrombus formation. Thrombus 
formation generally requires continuation of AF for approxi-
mately 48 hours. However, even after cardioversion, atrial stun-
ning (and minimally effective mechanical function of the atria) 
may be present for as long as 3 to 4 weeks, depending on the 
duration of AF.

CliniCAl PresentAtion AnD 
DiAgnostiC APProACh

AF may be related to multiple causes (Box 28-1), including acute 
causes such as binge alcohol intake, surgery, myocardial infarc-
tion, pericarditis, pulmonary disease, or hyperthyroidism (see 
Fig. 28-1). Most often, treatment of these conditions will lead 
to resolution of the AF. AF has been associated with obesity and 
obstructive sleep apnea. Multiple cardiovascular conditions are 
associated with AF, including valvular heart disease, heart 
failure, coronary artery disease, hypertension (particularly with 
LVH), hypertrophic cardiomyopathy, restrictive cardiomyopa-
thy, congenital heart disease, and pericardial disease. In these 
conditions, treatment of the underlying cause does not usually 
abolish the AF. Familial AF has been increasingly recognized 
and is probably a result of genetic abnormalities leading to 
abnormal function of cardiac ion channels. Finally, approxi-
mately 30% to 45% of cases of paroxysmal AF and 20% to 25% 
of persistent AF occurs in patients without underlying predis-
posing conditions and is classified as lone AF.

AF may present clinically in a variety of manners, includ-
ing the sensation of palpitations or by its hemodynamic or 
thromboembolic complications. Aside from the functional 
impairment associated with stroke, AF in and of itself, in 
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Figure 28-1 Atrial fibrillation. AV, atrioventricular; CHF, congestive heart failure; ECG, electrocardiogram; SA, sinoarterial.
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Emergent cardioversion is considered in two circumstances: 
(1) when onset of atrial fibrillation results in hemodynamic 
instability in a previously stable patient (manifests as 
hypotension, angina/myocardial ischemia, or rapid onset of 
CHF) or (2) when patient with borderline hemodynamic 
status suddenly develops atrial fibrillation. Elective
cardioversion is indicated unless there are severe
circumstances.

No single mechanism causes atrial fibrillation. Small, multiple 
re-entrant wavelets may coalesce to form small atrial circuits. 
Rapid repetitive impulses generated by myocytes located in left 
atrium near pulmonary vein orifices stimulate atrial fibrillation.

ECG demonstrating fine atrial fibrillation pattern

ECG demonstrating coarse atrial fibrillation pattern

Abnormal repetitive impulses (wavelets)

Causes and associated conditions

Electrical intervention options

general, considerably impairs quality of life. That said, many 
individuals with AF appear to be completely asymptomatic.

The initial evaluation of AF involves characterizing the 
pattern of episodes (i.e., paroxysmal or persistent), determining 
its cause and associated cardiac- or noncardiac-associated condi-
tions, and its tolerability. This can usually be accomplished with 
a thorough history and physical, ECG, echocardiogram, and 
basic tests of thyroid function. For further investigation of the 
pattern of arrhythmia, one may consider a Holter or other 
telemetric recording.

MAnAgeMent AnD therAPy

Optimum Treatment

There are three fundamental aspects to management of AF: rate 
control, prevention of thromboembolism, and rhythm control. 
Both control of the ventricular rate and prevention of throm-
boembolism are essential to any patient with AF. Based on 
numerous studies of the potential benefit of rhythm control, an 
effort to control rhythm should be primarily directed by symp-
toms associated with AF.
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Figure 28-2 Complications of atrial fibrillation (AF). ECG, electrocardiogram.
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RATE CONTROl

There is no strict definition of adequate rate control, although 
it is recommended that achieving ventricular rates slower than 
80 bpm at rest and slower than 110 bpm during moderate exer-
cise is a reasonable goal. Monitoring the heart rate over an 
extended period as with a Holter or another such telemetric 
device may be useful to evaluate the adequacy of rate control. 
Patients who are hemodynamically compromised as a result of 
rapid ventricular rates during AF require prompt attention. In 
addition, inadequacy of rate control may lead to tachycardia-
induced cardiomyopathy and should be considered in any 

patient with idiopathic heart failure and rapid AF. It is essential 
to assess the heart rate with exercise in all patients when assess-
ing adequacy of rate control.

Drugs that prolong the refractory period of the AV node  
are generally effective agents for rate control. β-blockers and 
non-dihydropyridine calcium channel blockers (verapamil or 
diltiazem) are considered the first-line agents for rate control. 
Multiple β-blockers have been studied and proven to be effec-
tive, including metoprolol, atenolol, nadolol, and carvedilol. 
Care should be taken when initiating β-blockers in patients with 
AF and heart failure who have a reduced ejection fraction. 
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Box 28-1 Underlying Etiologies of Atrial Fibrillation

Cardiac

• Mitral valvular heart disease
• Systolic or diastolic lV dysfunction
• Heart failure
• Hypertension
• Diabetes
• Myocardial infarction
• Hypertrophic cardiomyopathy
• Pericarditis
• Wolff-Parkinson-White syndrome
• Sick sinus syndrome
• Congenital heart disease
• Post coronary artery bypass surgery

noncardiac

• Acute or chronic alcohol ingestion (holiday heart 
syndrome)

• Hyper- or hypothyroidism
• Alterations in vagal or sympathetic tone
• Pulmonary embolism
• Sepsis, pneumonia
• Chronic obstructive pulmonary disease
• Obesity
• Obstructive sleep apnea
• lone atrial fibrillation

lV, left ventricular.

Verapamil and diltiazem are also effective agents. These agents 
should be avoided in patients with systolic heart failure (particu-
larly if the left ventricular ejection fraction is <40%) because of 
their negative inotropic effects. However, these agents may be 
preferred over β-blockers in patients with bronchospastic pul-
monary disease. Digoxin is effective at slowing the heart rate at 
rest but does not slow the heart rate during exercise. In addition, 
digoxin has a narrow therapeutic window with many potential 
side effects. Digoxin is thus not considered first-line therapy for 
rate control except in patients with severe left ventricular dys-
function or in patients who are sedentary. It may be most useful 
as an add-on agent in patients already on β-blockers or calcium 
channel blockers whose heart rates are not adequately con-
trolled. Amiodarone has sympatholytic and calcium channel–
blocking properties and is safe in critically ill patients. 
Amiodarone is considered a reasonable alternative for heart rate 
control in patients who are critically ill or have heart failure. Its 
long-term use should be balanced against the known side effects 
of amiodarone, albeit that these are less common at the low 
doses needed for rate control (and rhythm control; see below) 
for AF.

As a last resort in patients inadequately treated with antiar-
rhythmic and negative chronotropic agents, AV nodal ablation 
with permanent pacemaker implantation is a definitive option.

PREVENTION OF THROMbOEMbOlISM

Several epidemiologic studies have demonstrated that there is a 
gradation of risk for thromboembolism in patients with nonval-
vular atrial fibrillation. From these studies, several risk classifica-
tion schemes have been proposed to risk-stratify patients into 

high-risk or low-risk groups. Probably most useful is the 
CHADS2—a risk classification scheme that integrates several 
elements of prior studies into a risk index based on five features: 
cardiac failure, hypertension, age, diabetes, and stroke (doubled) 
(Fig 28-3). Thus, by assigning 1 point each for a history of heart 
failure, hypertension, diabetes, or age over 75 and 2 points for 
a history of stroke or transient ischemic attack, one can compute 
a score between 0 and 6. Using this scoring system, the yearly 
risk of stroke varies from 1.9% for a CHADS2 score of 0 to 
18.2% for a CHADS2 score of 6.

Multiple studies have demonstrated the safety and efficacy of 
oral anticoagulation and platelet inhibition in patients with AF 
who are at high risk for stroke. Those with AF who have low 
rates of stroke when treated with aspirin (<2% per year, CHADS2 
score of 0) do not gain significant benefit from anticoagulation 
to outweigh the potential risks of therapy. However, those with 
high risk for stroke (>6% per year, CHADS2 score >1) strongly 
benefit from anticoagulation with warfarin dose adjusted to 
achieve an intensity of the international normalized ratio (INR) 
of 2.0 to 3.0. It remains somewhat controversial whether routine 
anticoagulation should be recommended in patients at interme-
diate risk for stroke (2% to 6%, CHADS2 score = 1). The 
current recommendation is that this decision should be made 
on an individual basis based on discussions between the patient 
and treating physician of risks and benefits (see Fig. 28-3).

RHyTHM CONTROl

Several randomized clinical trials have compared outcomes of  
a rate-control and anticoagulation strategy versus a rhythm-
control (using pharmacologic agents) and anticoagulation strat-
egy in patients with AF. Although a rhythm-control strategy 
may be expected to have theoretical advantages over rate- 
control strategies through the addition of atrial contraction and 
the regularization of ventricular contraction, these studies did 
not support this hypothesis. Instead, there was no overall differ-
ence in mortality and an increase in hospitalization in the 
rhythm-control group, mostly as a result of admissions for car-
dioversion. It may be that deleterious effects of antiarrhythmic 
drugs offset the benefits of sinus rhythm. Or it may be that 
pharmacologic agents are not effective enough at rhythm control 
to demonstrate a benefit. Nevertheless, the implication of these 
studies is that a rhythm-control strategy should be an individu-
alized decision based on the nature, intensity, and frequency of 
symptoms associated with AF, patient preferences, and response 
to treatment.

Should one make the decision to embark on a rhythm- 
control strategy in the patient with symptomatic AF, there are 
many approaches (see Fig. 28-3). In patients with recurrent 
paroxysmal atrial fibrillation, several antiarrhythmic drugs  
may be effective. For those with no or minimal heart disease, 
flecainide, propafenone, or sotalol is recommended as initial 
therapy because these drugs are generally well tolerated and 
have few side effects. Flecainide and propafenone are contrain-
dicated in patients with coronary artery disease or significant 
LVH (>1.3 cm septal wall thickness). Sotalol should be used 
with caution in those with renal insufficiency. If these drugs are 
not tolerated or ineffective, second-line pharmacologic agents 
include dofetilide or amiodarone. A decision for long-term 
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Figure 28-3 Management and therapy for atrial fibrillation (AF). Ca, calcium; DC, direct current; ECG, electrocardiogram; 
INR, international normalized ratio; lA, left atrium; lV, left ventricle/ventricular; TEE, transesophageal 
echocardiography.
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Figure 28-4 Surgical management of atrial fibrillation. AV, atrioventricular; lA, left atrium; RA, right atrium; SA, sinoatrial.

amiodarone therapy should be based on discussions of the risk-
to-benefit ratio with the patient. Dofetilide requires hospitaliza-
tion for initiation and should be used with caution in those with 
renal insufficiency. As an alternative when first-line agents are 
ineffective, catheter or surgical ablation can be considered (see 
Fig. 28-3). Ablation is discussed in detail in Chapter 33 but is a 
highly effective method of rhythm control in AF, particularly in 
patients with paroxysmal AF.

Recently, an additional antiarrhythmic, dronedarone, has 
been approved for the treatment of recurrent atrial fibrillation. 
Dronedarone is an amiodarone analog, which is not associated 
with the many side effects of amiodarone. A large clinical trial 
showed that dronedarone reduced the risk of cardiovascular 
hospitalization in patients with AF. However, dronedarone is 
limited in that it is contraindicated in patients with significant 
heart failure.

In a patient with persistent AF, a first attempt at rhythm 
control may be made with cardioversion alone, especially in the 

patient with no or minimal heart disease. Direct-current cardio-
version under adequate anesthesia is a highly effective means to 
restore sinus rhythm acutely (see Fig. 28-1). However, pharma-
cologic cardioversion with ibutilide or dofetilide is a reasonable 
alternative. For patients with AF of 48 hours’ duration or longer 
(or when the duration of AF is unknown), anticoagulation (INR 
2.0 to 3.0) is recommended for at least 3 weeks before and 4 
weeks after cardioversion, regardless of the method used for 
cardioversion. As an alternative to anticoagulation prior to car-
dioversion, a transesophageal echocardiogram can be performed 
to exclude the presence of left atrial thrombus. Even in those 
individuals with no evidence of a left atrial thrombus, anticoagu-
lation after cardioversion is still necessary.

If AF recurs in the patient with persistent AF, an antiarrhyth-
mic drug may be effective in maintaining sinus rhythm follow-
ing cardioversion. Again, flecainide, propafenone, or sotalol is 
recommended as initial therapy in patients with no or minimal 
heart disease. Sotalol is recommended as the initial agent in 
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patients with coronary artery disease. Dofetilide or amiodarone 
is the only option in patients with heart failure. If patients do 
not respond to a first-line pharmacologic agent, second-line 
agents can be tried. As an alternative, catheter or surgical abla-
tion can be considered.

Surgical ablation is based on the concept that barriers to 
atrial conduction at critical locations would prevent sustained 
AF (Fig. 28-4). Using cut-and-sew techniques to create atrial 
barriers has been termed the maze procedure. The maze proce-
dure has gone through multiple iterations. Newer techniques 
utilize bipolar radiofrequency, cryoablation, or microwave 
energy as alternatives to the cut-and-sew technique. Despite a 
high reported success rate, the maze operation has not been 
widely adopted except in patients with a history of AF who are 
undergoing cardiac surgery, such as those with valvular disease.

Catheter ablation initially emulated the surgical maze proce-
dure by utilizing radiofrequency ablation to produce linear lines 
of electrical isolation in the atrial endocardium. With the obser-
vation that potential within the pulmonary veins often provoked 
AF, there has been increasing enthusiasm for catheter-based 
treatment of AF. The technique of ablation has continued to 
evolve with a primary focus being electrical isolation of the 
pulmonary veins, although other approaches are often used in 
conjunction. Catheter ablation has developed into a promising 
therapy for patients resistant to pharmacologic therapy, although 
its long-term efficacy will require further study.

Avoiding Treatment Errors

Management of AF should focus on the three principles of rate 
control, prevention of thromboembolism, and rhythm control. 
Once rate control and prevention of thromboembolism are 
addressed, a rhythm-control strategy should be adopted in 
patients with recurrent AF who have disabling symptoms. Most 
common errors arise when one of these principles of manage-
ment is not adequately addressed. In the case of failure to 
address stroke prophylaxis, a relatively common error, the con-
sequences can be devastating.

Future DireCtions

The management of AF will undoubtedly change. Newer anti-
coagulants being developed—such as direct thrombin inhibi-
tors—if proven safe and efficacious, will simplify the prevention 

of thromboembolism. Techniques of catheter ablation are 
undergoing tremendous change. In the future, more sophisti-
cated tools will make catheter ablation a more simplistic, safer 
procedure, and ablation techniques will probably lead to 
enhanced efficacy in eliminating AF altogether. As this happens, 
ablation will probably be used more and more frequently, 
perhaps even in patients with minimal symptoms of AF.
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Ventricular Tachycardia

Eugene H. Chung, Richard G. Sheahan, and J. Paul Mounsey

V entricular tachycardia (VT) refers to a cardiac rhythm with 
a rate greater than 100 beats per minute (bpm) originating 

from the distal conduction system (distal to the His bundle)  
or ventricular myocardium. With few exceptions, VT presents 
with a wide QRS tachycardia on ECG. Although wide- 
QRS-complex tachycardia is not synonymous with VT, 80% of 
patients with a wide-complex tachycardia have VT as a diagno-
sis. VT is usually found in patients with underlying structural 
heart disease, predominantly coronary artery disease (CAD) and 
myocardial ischemia. It is often associated with hemodynamic 
instability and thus may cause symptoms such as chest pain, 
dyspnea, palpitations, or syncope, or lead to sudden cardiac 
death (SCD). The severity of symptoms determines the urgency 
of treatment.

This chapter reviews the pathogenesis, diagnosis, and treat-
ment of VT. SCD, which most commonly results from VT, is 
addressed in greater detail in Chapter 30.

ETiology and PaThogEnEsis

The type of VT, prognosis, and management of the arrhythmia 
are dependent on the presence of structural heart disease. The 
risk of sustained monomorphic VT is higher in patients with 
severe left ventricular (LV) dysfunction and extensive scarring. 
VT is also associated with myocardial ischemia, congestive heart 
failure, infiltrative cardiomyopathy, and high catecholamine 
states (Fig. 29-1). Any wide-complex tachycardia in a patient 
with a history of ischemic heart disease should be managed as 
VT until proven otherwise. In such a patient the mechanism is 
most often a reentry circuit in a region of healed myocardial 
infarction (MI). In these areas, gap junctions are often disrupted 
leading to slow and disorderly conduction by surviving cardio-
myocytes. This physiology can lead to initiation and mainte-
nance of reentrant circuits. Intracardiac recordings in the 
electrophysiology laboratory from the VT site of origin during 
sinus rhythm demonstrate fractionated low-amplitude electro-
grams that become continuous during VT. Sustained mono-
morphic VTs due to reentry can be reliably induced and 
terminated with ventricular programmed stimulation.

Patients with VT but no ischemic heart disease may still have 
reentry as the underlying cause. Patients with dilated cardiomy-
opathy (DCM), up to 60% of the time, have multiple patchy 
areas of fibrosis in the left ventricle on autopsy that can result 
in reentrant VT. Other mechanisms are possible in nonischemic 
cardiomyopathy; however, including enhanced automaticity or 
triggered activity, which can render these patients especially 
vulnerable to early or delayed after-depolarizations induced by 
QT interval–prolonging medications and/or metabolic abnor-
malities. Bundle branch reentry tachycardia, caused by a mac-
roreentrant circuit involving the His-Purkinje system may also 
be responsible for wide-complex tachycardia in DCM patients 
(see below). In fact, a monomorphic wide-complex tachycardia 

arises from bundle branch reentry up to 40% of the time in 
patients with DCM.

diffErEnTial and Ecg diagnosis

VT must be distinguished from other wide-complex tachycar-
dias: supraventricular tachycardia (SVT) with bundle branch 
block, preexcitation of the ventricle during SVT due to antero-
grade conduction over an accessory pathway (antidromic recip-
rocating tachycardia), or ventricular pacing. The decision that 
a wide-complex tachycardia is VT is extremely important, 
because misdiagnosis can delay lifesaving treatment.

Many diagnostic algorithms exist for distinguishing VT from 
other wide-complex tachycardias. These can be confusing and 
very often unhelpful. ECG clues that, if present, favor VT, are 
reviewed below. The two main groups of diagnostic criteria 
relate to abnormalities of QRS morphology and identification 
of independent P-wave activity.

QRS Morphology

If the QRS morphology changes during the tachycardia relative 
to baseline, then the diagnosis is probably VT. Intraventricular 
conduction is always abnormal in VT and results in broadening 
of the QRS. In general, the QRS duration is usually longer than 
120 milliseconds in VT with the caveat that VTs originating 
from the His-Purkinje system can, on rare occasion, have a 
normal QRS duration. Wellens and colleagues (1978) found 
that approximately 70% of VTs have a QRS duration longer 
than 140 milliseconds in patients with a right bundle branch 
block pattern. VTs with a left bundle branch pattern generally 
have a QRS duration longer than 160 milliseconds. Generally, 
a VT with right bundle branch block morphology (predomi-
nantly positive QRS complex in lead V1) suggests an LV origin, 
whereas a VT with left bundle branch block morphology (pre-
dominantly negative QRS in lead V1) suggests right ventricular 
(RV) origin (Fig. 29-2A). VT with a right bundle branch block 
pattern will not have a typical RS wave. The R wave is single or 
biphasic (QR or RS) or triphasic (with initial R wave taller than 
the smaller r´ and an S wave in between that crosses the base-
line). V6 typically demonstrates small r and large S waves. In VT 
with a left bundle branch block pattern, the duration of the 
initial R wave exceeds 30 milliseconds, and the beginning of the 
QRS to the nadir of the S wave exceeds 70 milliseconds. The S 
wave may be notched or slurred. Since SVT with aberration is 
due to a functional bundle branch block, the QRS should resem-
ble a typical bundle branch block, and the S wave is neither 
notched or slurred. If V6 is used, a qS pattern suggests VT. 
Though sometimes useful, these findings have limited sensitiv-
ity and specificity.

Change in the frontal plane QRS axis of more than 40 
degrees, especially toward the “Northwest quadrant” between 
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Ventricular tachycardia refers to wide-complex rhythms
of ventricular origin. Most originate from abnormal
reentry circuits.

The two major clinical concerns in
ventricular tachycardia are 
conversion to ventricular fibrillation
and syncope due to rapid rate
and decreased output.

Myocardial ischemia is a common 
cause and often a cofactor in other 
causes of ventricular tachycardia and 
should be diagnosed and treated.

Underlying causes of ventricular tachycardia
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figure 29-1 Mechanisms of ventricular tachycardia (VT). ARVC, arrhythmogenic right ventricular cardiomyopathy; VF, ventricular 
fibrillation.

–90 and –180 degrees (normal is –30 to 90 degrees), is highly 
suggestive of VT. The presence of a qS pattern in lead V6 favors 
VT as a cause of wide-complex tachycardia. Concordance refers 
to uniform direction of the QRS complexes in the precordial 
leads, either all positive or all negative; for example, in VT with 
right bundle branch block pattern, the QRS is upright in all 
precordial leads (Fig. 29-2B).

Independent P-wave Activity

Atrioventricular (AV) dissociation indicates independent P-wave 
activity, and its presence is diagnostic of VT (Fig. 29-3A). 
The sinus rate is usually slower than the ventricular rate. The  
P waves should be upright in leads I and II if the origin is the 
sinus node. Variable deflections within the ST segment are sug-
gestive of AV dissociation, and all 12 leads should be analyzed. 
AV dissociation can be difficult to discern, and its absence does 
not exclude VT, because the patient may have underlying atrial 
fibrillation (in up to one third of cases), or there may be retro-
grade ventricle-to-atrial conduction resulting in AV association 
in VT.

A fusion beat occurs when a sinus beat conducts to the ven-
tricles via the AV node concurrent with a beat arising from the 
ventricles (Fig. 29-3B). The resulting QRS complex has an 

intermediate appearance between a normal beat and a VT beat. 
A capture beat occurs when the ventricle is depolarized via the 
AV node resulting in a narrow (normal-appearing) QRS (Fig. 
29-3C). The presence of capture and/or fusion beats indicates 
AV dissociation and if present points to a diagnosis of VT. Their 
absence, however, does not exclude VT.

Additional Criteria

Two simplified approaches have been reported. One study used 
bundle branch pattern criteria and set VT as the default diag-
nosis (rather than SVT as in other criteria) and found a sensitiv-
ity of 96%. Another more recent algorithm has been reported 
that restricted ECG analysis to aVR (Fig. 29-4).

clinical PrEsEnTaTion

Most patients presenting with symptomatic VT, especially  
those older than 40 years of age, have underlying ischemic  
heart disease. The next most common substrate is cardiomyopa-
thy, acquired or inherited, followed by valvular heart disease, 
channelopathies, and congenital heart disease. Symptoms  
associated with VT depend on many factors, including the VT 
rate, presence of structural heart disease, and medications. 
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figure 29-2 Changes in QRS morphology in ventricular tachycardia (VT) and in supraventricular tachycardia (SVT). (a) Typical 
patterns seen with left bundle branch block (LBBB) and in right bundle branch block (RBBB). (B) Typical patterns of 
positive and negative concordance in QRS complexes. See text for details.
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figure 29-3 Electrocardiographic signs of independent P-wave activity. AV, atrioventricular.
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figure 29-4 New aVR algorithm for diagnosing wide-complex 
tachycardia. SVT, supraventricular tachycardia; VT, ventricular 
tachycardia. Modified from Vereckei A, Duray G, Szénási G, 
et al. New algorithm using only lead aVR for differential 
diagnosis of wide QRS complex tachycardia. Heart Rhythm. 
2008;5:89–98.
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with VT will usually result in early hemodynamic compromise. 
Patients may present with a range of symptoms: palpitations 
(regular or irregular), dizziness, shortness of breath, chest  
pain, presyncope, syncope, congestive heart failure, or SCD. 
“Cannon” A waves may present on physical examination, sug-
gesting AV dissociation.

diagnosTic aPProach

Some maneuvers may aid in differentiating SVT from VT in 
the hemodynamically stable patient. During an episode of 
tachycardia, carotid massage or Valsalva maneuver increases 
vagal stimulation and is most useful for tachyarrhythmias other 
than VT. Vagal stimulation can slow conduction over the AV 
node and thereby can terminate an AV nodal reentrant tachy-
cardia or AV reentrant tachycardia, or unmask atrial flutter 
waves. Although the termination of a wide-complex tachycardia 
with intravenous adenosine favors a diagnosis of SVT with aber-
rancy, adenosine-responsive VT has been reported in patients 
with normal LV function and, thus, responsiveness to adenosine 
does not rule out VT. However, the idea that the absence of a 
response to adenosine rules in a diagnosis of VT is also a fallacy. 
The most common reason adenosine fails to terminate an ade-
nosine-sensitive arrhythmia is that an insufficient dose reaches 
the heart before the drug is inactivated in the circulation. More-
over, adenosine can precipitate hemodynamic compromise in a 
patient whose condition is already tenuous and promote ven-
tricular fibrillation (VF), and thus it should only be used with 
caution in a patient in whom VT is the most likely diagnosis 
(see Chapter 27).

acuTE ManagEMEnT and ThEraPy

Optimum Treatment

Acute management combines stabilizing the patient and  
terminating the VT and takes priority over the diagnostic  
evaluation. If the patient is maintaining a pulse but is presynco-
pal, hypotensive, or in severe respiratory distress, the patient 
should, after appropriate sedation, receive a synchronized  
external direct current (DC) cardioversion. If synchronization 
is difficult because of the width of the QRS complex, then 
unsynchronized defibrillation should be performed. Patients 
who are pulseless and/or unresponsive should be immediately  
treated according to the Advanced Cardiac Life Support guide-
lines with cardiopulmonary resuscitation and high-energy 
defibrillation.

If the VT is well tolerated, agents such as intravenous pro-
cainamide, lidocaine, amiodarone, and magnesium may be 
given. Procainamide is more effective than lidocaine unless the 
VT is in the context of acute myocardial ischemia or infarction. 
Amiodarone often requires 24 to 48 hours for effect and rarely 
converts monomorphic VT acutely. Amiodarone may have to 
be administered concurrently with or after another drug (such 
as procainamide) has converted the rhythm. Intravenous mag-
nesium is most useful in torsades de pointes. If the VT fails to 
terminate, a synchronized DC cardioversion should be per-
formed, but only after the patient has received adequate and 
appropriate sedation. Potential precipitating causes such as 

Hemodynamics may be stable in a patient presenting with VT, 
and thus they are not reliable for establishing the diagnosis. 
Exercise-induced VT in a normal heart may be better tolerated 
than even a slow VT in patients with a low ejection fraction 
(EF). Anemia or preexisting orthostatic hypotension in a patient 
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figure 29-5 Management of ventricular tachycardia (VT). BUN, blood urea nitrogen; CBC, complete blood count; DC, direct current; 
ECG, electrocardiogram; IV, intravenous.
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myocardial ischemia, congestive heart failure, hypoxia, electro-
lyte disturbances, and/or drug toxicities should be addressed. 
Subsequent management of the patient with VT depends on the 
etiology and the absence of reversible causes. Blood samples 
should be urgently obtained for complete blood count, electro-
lytes including magnesium, blood urea nitrogen, creatinine, 
cardiac markers, blood glucose, and toxicology screen. When 
appropriate, an arterial blood gas measurement should also be 
obtained (Fig. 29-5).

For patients with an implantable cardioverter defibrillator 
(ICD), therapies should be delivered within the first 30 seconds 
to few minutes of arrhythmia onset. Interrogation of the device 
will usually provide sufficient information to determine whether 
the arrhythmia precipitated overdrive pacing or defibrillation 
was indeed VT, as well as the frequency and treatment of like 
(and other) tachyarrhythmias. A recurrent need for shocks 
requires exploration of precipitating triggers, programming of 
the ICD, and adjunctive antiarrhythmics if indicated. If a patient 
has presumed VT that has not triggered the ICD to initiate 
either overdrive pacing or cardioversion, there are several pos-
sible explanations. The VT rate could be slower than the pro-
grammed detection rate, or the arrhythmia could be mistaken 
for SVT by the ICD. If the ICD cannot be urgently repro-
grammed by experienced personnel, the patient should be 

treated as if no ICD were present. The ICD should then be 
evaluated as soon as possible thereafter.

Avoiding Treatment Errors

In general, a patient with a new wide-complex tachycardia 
should be presumed to have VT until proven otherwise, and 
intravenous verapamil or diltiazem should be avoided. Such 
drugs can precipitate hemodynamic compromise in a patient 
whose condition is already tenuous and promote VF. AV- 
nodal–blocking drugs of any kind are absolutely contraindicated 
unless there is a very high index of suspicion that the diagnosis 
is SVT. Treatment of VT with AV-nodal blockers can be disas-
trous. Treatment of SVT with antiarrhythmic drugs (as if it is 
VT) is not.

longEr TErM ManagEMEnT  
and ThEraPy

Optimum Treatment

The long-term approach to preventing recurrent VT and SCD 
combines risk stratification, antiarrhythmic medications, and/or 
ICDs. Primary and secondary prevention of SCD is discussed 
in more detail in Chapter 30.
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figure 29-6 Types of ventricular tachycardia (VT). LBBB, left bundle branch block; PVCs, premature ventricular complexes; 
RBBB, right bundle branch block.
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Patients with a history of sustained VT and depressed LV 
function or a history of a cardiac arrest clearly benefit from ICD 
implantation. If recurrent VT develops after the ICD is placed, 
resulting in multiple shocks, amiodarone can be used to slow 
down the VT cycle length and possibly permit overdrive pacing 
as a means of termination of subsequent episodes via the ICD. 
If amiodarone is not effective, β-blockers, sotalol, procainamide, 
and mexiletine are options. These are usually, however, not  
as effective as amiodarone. Medication-refractory, hemodynam-
ically stable VT can be studied in the electrophysiology labora-
tory. By utilizing activation mapping and three-dimensional 
(3D) electroanatomic mapping techniques, the circuit can  
often be localized and transected with several radiofrequency 
ablation lesions. In patients with ischemic heart disease or 

DCM, multiple circuits may be present, rendering radio-
frequency ablation very difficult. In patients with complex 
recurring VT, which is hemodynamically poorly tolerated,  
scar mapping in sinus rhythm with linear ablations, which 
connect scar tissue, may be effective in decreasing the frequency 
of VT.

The next sections review specific types of VT, associated 
conditions, and long-term management approaches. Figure 
29-6 shows examples of different types of VT.

Monomorphic Ventricular Tachycardia

Monomorphic VT is the most common wide-complex rhythm. 
It is usually a regular sustained rhythm originating from the 
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ventricles. The mechanism depends on the underlying 
etiology.

CORONARy ARTERy DISEASE

Patients who have a healed MI without ongoing ischemia may 
present with VT, even years after the original MI. (Polymorphic 
VT is usually seen in this population with ongoing ischemia or 
infarction and is discussed later in this chapter.) Viable myocar-
dial tissue within the scar provides an area where the slowed 
conduction that is critical to the maintenance of a VT reentrant 
circuit may occur. Ventricular aneurysms are also associated 
with VT. Patients who present with VT and CAD initially 
require an ischemic evaluation and, if necessary, revasculariza-
tion. In patients for whom revascularization is possible, an 
evaluation of the need for placement of an ICD for secondary 
prevention should be performed following revascularization. An 
ICD is superior to amiodarone or other antiarrhythmic agents 
in decreasing mortality in patients with CAD and VT. In 
patients who have recurrent VT, episode frequency can be 
reduced by antiarrhythmic agents such as amiodarone or sotalol 
and/or radiofrequency ablation.

DILATED CARDIOMyOPATHy

VT may occur in patients with DCM. Coexistent CAD must be 
excluded. Patients with DCM and no significant CAD should 
undergo ICD implantation without further evaluation, because 
an electrophysiology study (EPS) is often not useful in these 
cases. ICDs are also superior to amiodarone in prolonging sur-
vival in DCM patients.

One circumstance that requires special consideration is indi-
viduals in whom bundle branch reentrant VT is suspected. 
Bundle branch reentrant VT presents as VT with a left bundle 
branch block morphology. Bundle branch reentrant VT occurs 
with His-Purkinje dysfunction and a prolonged HV interval 
(i.e., the time from the His bundle electrogram to the earliest 
recorded ventricular activation). Retrograde conduction over 
the left bundle branch activates transseptal conduction, which 
then activates the right bundle branch, establishing the reen-
trant circuit. Although most patients with bundle branch reen-
trant VT do require ICD placement, radiofrequency ablation of 
the right bundle branch may completely or largely prevent VT 
recurrences, reducing the frequency of ICD discharges and pro-
longing device life.

In general, patients with DCM (especially those with  
VT) should be treated with the maximum tolerated doses of 
β-blockers and angiotensin-converting enzyme inhibitors. Ami-
odarone or sotalol may also help patients with recurrent VT or 
atrial arrhythmia who have already received ICD therapy. The 
diagnosis of tachycardia-induced cardiomyopathy should be 
considered in patients with DCM and persistent atrial arrhyth-
mias. LV size and function may return to normal or near normal 
with control of atrial tachyarrhythmias.

HyPERTROPHIC CARDIOMyOPATHy

VT in hypertrophic cardiomyopathy requires ICD placement. 
Risk factors for SCD are syncope, nonsustained VT, family 

history of SCD, insufficient blood pressure response with exer-
cise, and interventricular septal thickness greater than 30 mm 
as determined by echocardiography. Patients with two or more 
risk factors should receive a prophylactic ICD even in the 
absence of VT. Amiodarone does not improve mortality  
but may reduce recurrent tachyarrhythmias. Where possible, 
β-blockers should be prescribed. Sotalol or dofetilide may also 
help patients with frequent ICD discharges. Septal alcohol abla-
tion has been employed in recent years to relieve symptomatic 
patients of LV outflow tract obstructions, but this procedure 
carries a risk of subsequent complete heart block. Additionally, 
it creates a septal scar that may serve as a nidus for future 
tachyarrhythmias. In individuals for whom septal alcohol abla-
tion is performed to control symptoms, ICD placement is  
generally indicated.

SARCOIDOSIS

Sarcoid granulomas can infiltrate anywhere in the ventricular 
myocardium and become foci for abnormal automaticity, or 
they may disrupt ventricular depolarization and repolarization. 
VT with sarcoidosis requires an ICD. β-blocker therapy is also 
generally required in these patients.

ARRHyTHMOGENIC RIGHT VENTRICULAR 
CARDIOMyOPATHy

Arrhythmogenic RV cardiomyopathy (ARVC; also called 
arrhythmogenic RV dysplasia) is a condition of segmental or 
diffuse replacement of the RV myocardium with fatty and fibro-
fatty tissue. Fatty tissue replacement is most severe in areas near 
the epicardium and mid-myocardium in the RV free wall, but 
the disease may progress to the left ventricle. ARVC is inherited 
as an autosomal-dominant condition; it is estimated that half the 
patients who have ARVC have a family history of it. It is an 
important cause of SCD in young persons with VT and appar-
ently normal hearts. Classic findings on ECG in sinus rhythm 
are right bundle branch block, inverted T waves in leads V1 to 
V3, and a terminal notch in the QRS in V1 to V3 (“epsilon 
wave”). VT in ARVC requires an ICD. Because the RV free 
wall is usually abnormal in these patients, the ICD lead must be 
placed in the RV septum to avoid myocardial perforation 
through the fatty RV wall and potential alterations in the sensing 
and capture thresholds during the course of this progressive 
condition. Radiofrequency ablation has equivocal results, given 
the progression of myocardial replacement.

RIGHT VENTRICULAR OUTFLOw TRACT  
VENTRICULAR TACHyCARDIA

RV outflow tract VT is a rare catecholamine-induced tachycar-
dia that typically occurs in young patients with structurally 
normal hearts and is often induced by exercise. The ECG shows 
a left bundle branch block with a right or normal axis. An  
automatic or triggered mechanism is probably responsible  
for this tachycardia. RV outflow tract VT not only responds  
to adenosine and β-blockers, but it is also one of the rare 
VTs that responds to verapamil and adenosine. SCD rarely 
occurs in these patients, and for this reason they may be treated 



248 SECTION IV • Cardiac Rhythm Abnormalities

pharmacologically. For recurrent episodes, an EPS with radio-
frequency ablation should be performed. During EPS, isopro-
terenol is frequently required to initiate and/or maintain the 
tachycardia for mapping the VT origin, but the tachycardia can 
usually be cured.

IDIOVENTRICULAR LEFT VENTRICULAR TACHyCARDIA 
(FASCICULAR TACHyCARDIA)

Idioventricular left ventricular tachycardia typically occurs in 
young, predominantly male patients with structurally normal 
hearts. This VT is unique in that it is responsive to verapamil. 
The ECG usually shows almost classic right bundle branch 
block with left-axis deviation. The earliest ventricular activation 
usually occurs at the LV apex or in the mid-left ventricular 
septum. During mapping, a discrete electrical potential can 
often be identified. The arrhythmia is thought to result from  
a triggered mechanism. If the patient remains symptomatic 
despite pharmacologic therapy, an EPS and radiofrequency 
ablation are needed, including mapping of the earliest activation 
and identification of a discrete potential. SCD is rare. Although 
treatment with verapamil can be useful, it should only be con-
sidered in consultation with a cardiac electrophysiologist, given 
that verapamil is contraindicated for other forms of VT.

Nonsustained Ventricular Tachycardia

Nonsustained monomorphic VT (NSVT) is defined as a wide-
complex tachycardia of at least three beats lasting less than 30 
seconds. Some patients are asymptomatic; others may experi-
ence palpitations, dyspnea, chest pain, dizziness, presyncope, or 
syncope. Management of NSVT depends on the rhythm’s etiol-
ogy and the presence of underlying structural heart disease. 
Asymptomatic patients with NSVT and no structural heart 
disease usually do not require further evaluation.

For patients with CAD and NSVT, an ischemic evaluation 
is required, and revascularization should be performed if neces-
sary. Any proarrhythmic medication should be withdrawn. If no 
reversible cause for the VT is found, then further management 
hinges on LV function. Based on several studies, patients with 
NSVT and diminished LV function often are treated with ICD 
placement. For patients with left ventricular ejection fractions 
between 35% and 40%, the decision is generally individualized 
based on that individual’s overall risk profile. The Multicenter 
Unsustained Tachycardia Trial (MUSTT, 1999) and Multi-
center Automatic Defibrillator Implantation Trial (MADIT I, 
1996), which studied post-MI patients with NSVT, EF less than 
35% to 40%, and inducible VT on EPS, showed a significant 
decrease in mortality from ICD placement versus antiarrhyth-
mic therapy. The MADIT II (2002) Study showed that post-MI 
patients with EF less than 30% and couplets or over 10 pre-
mature ventricular complexes (PVCs) per hour who did not 
undergo EPS also benefited from ICD therapy. In those with 
NSVT and DCM (EF < 36%), the Defibrillators in Non-isch-
emic Cardiomyopathy Treatment Evaluation (DEFINITE, 
2004) Study showed survival benefit for those receiving an ICD.

Adjunctive therapy with β-blockers and antiarrhythmics such 
as sotalol or amiodarone may be required for symptomatic 
patients. Flecainide is contraindicated in patients with CAD and 

should generally be used only in patients with structurally 
normal hearts. In patients with NSVT and a structurally normal 
heart who remain symptomatic or are intolerant to medications, 
radiofrequency ablation using careful mapping with a 3D elec-
troanatomic system is also an effective strategy.

Polymorphic Ventricular Tachycardia

Polymorphic VT is a wide-complex tachycardia that has two or 
more ventricular morphologies. Patients presenting with acute 
myocardial ischemia may have polymorphic VT, and the pos-
sibility of ongoing ischemia should be addressed immediately. 
Electrolytes should be obtained and corrected. Although these 
patients’ QTc interval on ECG is within the normal range, they 
are at very high risk for VF and should be monitored in a coro-
nary care unit. If the polymorphic VT persists, consideration 
should be given to implanting an ICD and initiating an anti-
arrhythmic drug. In the absence of ischemia, polymorphic  
VT with DCM, hypertrophic cardiomyopathy, sarcoidosis, or 
ARVC is associated with a poor prognosis. Almost always, ICD 
implantation and subsequent therapy with a β-blocker or other 
antiarrhythmic are indicated.

In patients with a structurally normal heart and a negative 
ischemic evaluation, a polymorphic VT should prompt careful 
evaluation of the underlying ECG to exclude acquired or con-
genital long QT syndrome. Torsades de pointes is a polymor-
phic VT most commonly found in patients with a prolonged 
QT interval. Patients should be carefully assessed for metabolic 
derangements (i.e., hypomagnesemia, hypokalemia) or medica-
tions that may prolong the QT interval as well as relevant  
past medical history. For patients with symptomatic long QT 
syndrome and a family history of SCD, an ICD with atrial 
pacing capacity should be implanted. The addition of β-blockers 
should be considered in those with long QT syndrome type 1 
(see Chapter 30).

Accelerated Idioventricular Rhythm

Accelerated idioventricular rhythm (AIVR) is a wide-complex 
rhythm with a heart rate between 60 and 110 bpm. AIVR is an 
arrhythmia often observed after reperfusion therapy of acute MI 
and occasionally seen in other situations. AIVR results from 
enhanced automaticity of an abnormal ectopic ventricular focus. 
This focus discharges earlier than the sinus node. AIVR is gen-
erally well tolerated and requires no therapy. Increasing dis-
charges from the sinus node at a rate faster than the ectopic 
focus will overcome the AIVR. Therefore, atropine or atrial 
pacing should be considered. AIVR is not associated with an 
increased risk for development of VF or increased mortality.

Premature Ventricular Complexes

PVCs are premature QRS complexes originating from the ven-
tricular myocardium. Bigeminy refers to alternating normal and 
premature (and wide) QRS complexes, and trigeminy refers to 
two normal beats for every PVC. PVCs may be a marker for 
significant underlying conditions such as CAD, congestive heart 
failure, DCM, hypertrophic cardiomyopathy, infiltrative condi-
tions, sarcoidosis, and ARVC. They may be a precursor to one 
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of the outflow tract VTs, but they may be multifocal as well. In 
the absence of CAD or structural heart disease, PVCs are gener-
ally benign. In the symptomatic patient, a β-blocker should be 
considered. Ambulatory ECG monitoring can document the 
PVC burden. Patients are at increased risk of a tachycardia-
induced cardiomyopathy when 20% or more of recorded beats 
are ventricular ectopy. For patients whose symptoms persist and 
who have frequent PVCs (>5% of recorded beats), pharmaco-
logic therapy with flecainide or sotalol and/or radiofrequency 
ablation should be considered.

fuTurE dirEcTions

In a patient presenting with a new wide-complex tachycardia, 
the diagnosis of VT should be excluded first from the ECG 
before other diagnoses are considered. Initial management deci-
sions are driven by the patient’s hemodynamic stability. Long-
term therapy with ICDs has been well established through 
numerous clinical trials. The majority of patients presenting 
with VT have underlying CAD, and thus revascularization 
(when indicated) and aggressive risk factor modification is 
important for primary and secondary prevention. The presence 
of structural heart disease remains the best prognostic barom-
eter for those at risk of VT. Antiarrhythmic drugs are often 
required to suppress recurrent symptomatic arrhythmias. For 
patients with medically refractory VT, catheter ablation tech-
niques continue to rapidly improve, particularly in the area of 
electroanatomic mapping. Finally, developments in pharmaco-
genetics may improve the likelihood of identifying patient pop-
ulations who would benefit from certain antiarrhythmic agents.
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Sudden Cardiac Death

Eugene H. Chung and J. Paul Mounsey

S udden cardiac death (SCD) is defined as any death from a 
cardiac cause occurring within an hour of symptom onset. 

SCD occurs in 300,000 to 450,000 individuals in the United 
States annually, which translates to an overall incidence of  
0.1% to 0.2% per year. The term SCD is also used to refer to 
an event from which an individual is resuscitated or spontane-
ously recovers—events probably more appropriately termed 
cardiac arrest. SCD has many potential etiologies (Box 30-1). 
Patients with coronary artery disease (CAD) and prior myocar-
dial infarction (MI) have an annual incidence of SCD of up to 
30% and are responsible for approximately 70% of fatal arrhyth-
mias. Other high-risk groups include patients with prior cardiac 
arrest, congestive heart failure, cardiomyopathy (dilated, infil-
trative, or hypertrophic), valvular heart disease, myocarditis, and 
congenital heart disease. Screening patients potentially at risk 
for SCD and addressing their risk factors is the crux of primary 
prevention. Secondary measures aim to prevent recurrent events 
in survivors of aborted SCD (Fig. 30-1).

Etiology anD RiSk FaCtoRS

The pathogenic electrical events leading to SCD are most  
commonly ventricular tachycardia (VT), ventricular fibrillation 
(VF), and eventually asystole (Fig. 30-2). Approximately 80% of 
SCDs involve VT, VF, or torsades de pointes; the remaining 
20% are due to bradyarrhythmias. SCD is most commonly 
associated with underlying structural heart disease. Less than 
20% of out-of-hospital victims of SCD recover to hospital  
discharge. The likelihood of resuscitation diminishes 10% for 
every minute of delay. It has been estimated that 50% of those 
who survive a cardiac arrest will die within 3 years. This under-
scores the importance of primary and secondary prevention.

CAD accounts for 70% to 80% of SCD cases, especially in 
Western societies in patients over the age of 35. As such, two 
of the leading risk factors are previous heart attack and docu-
mented CAD. In those with chronic ischemic disease, the most 
powerful predictor is an ejection fraction (EF) less than 40%. 
Following CAD, patients with nonischemic cardiomyopathies 
(hypertrophic and dilated) and EF less than 40% are at the 
highest risk. Additional major risk factors for SCD include  
congestive heart failure of any etiology and prior history of 
cardiac arrest. Channelopathies, which result in an increased 
risk for cardiac arrhythmias, and congenital heart disease are less 
common causes of SCD.

DiFFEREntial DiagnoSiS

The most common etiologies are discussed in the sections that 
follow (see also Box 30-1).

Ischemic Heart Disease

Overwhelmingly, the most common cause of SCD is ischemic 
heart disease resulting from coronary atherosclerosis. Arteritis, 

dissection, spasm, and congenital coronary anomalies are very 
rare causes associated with myocardial ischemia. CAD has been 
attributed to 70% to 80% of all SCDs. In a study of 84 survivors 
of out-of-hospital cardiac arrest, immediate coronary angiogra-
phy revealed significant disease of probable etiologic signifi-
cance in 71% of patients; approximately one half of these 
patients had complete occlusions. Acute occlusion of the left 
anterior descending or left circumflex coronary artery portends 
a higher risk of SCD. Patients with angina and prior MI are at 
much higher risk than those without any clinical manifestation 
of CAD. Unfortunately, SCD can be the first manifestation of 
CAD in one third of CAD patients.

Causes of SCD in the CAD population include myocardial 
ischemia or infarction, heart failure, electrolyte imbalance,  
drug toxicity, or primary (no precipitating cause identified). The 
probable mechanisms for VT or VF in patients with CAD  
are acute ischemia and reentry via myocardial scar, especially  
in those with a prior infarct. A meta-analysis of four non– 
ST-elevation MI (NSTEMI) trials found the risk of sustained 
or unstable ventricular arrhythmias (VT or VF) to be 2.1% (vs. 
10% in ST-segment elevation MI, STEMI) during the initial 
hospital admission. Patients with VT and VF had the highest 
mortality rate in the first 30 days (>60%) post-MI, followed by 
patients with VF only (>45%), followed by patients with VT 
only (>30%). This trend was consistent at 6 months, correlating 
to a 5- to 15-fold increase in mortality within 6 months in 
patients with these arrhythmias. Patients in the Global Utiliza-
tion of Streptokinase and Tissue Plasminogen Activator for 
Occluded Coronary Arteries (GUSTO I) Trial, which studied 
fibrinolytic therapies for STEMI, demonstrated higher overall 
incidences of sustained arrhythmias than in NSTEMI patients: 
specifically, 3.5% for VT only, 4.0% for VF only, and 2.6% for 
both VT and VF. Of these arrhythmias, 80% to 85% occurred 
within the first 48 hours (“early”). In-hospital mortality and 
1-year mortality (for those who survived longer than 30 days) 
after discharge of these patients were much higher among those 
with VT, VF, or VT and VF (18.6%, 24%, or 44% in-hospital, 
and 7.2%, 2.9%, or 7.1% 1 year, respectively) than patients 
without these arrhythmias (4.2% in-hospital, 2.7% 1-year). 
Patients with “late” (after the first 48 hours) ventricular arrhyth-
mias had increased mortality at 1 year (24.7% for VT, 6.1% for 
VF, 4.7% for VT and VF) and were more likely to have had a 
previous MI, previous bypass surgery, and a longer time from 
the onset of MI and receiving treatment.

Nonischemic Cardiomyopathy

IdIoPatHIC dIlatEd CardIoMyoPatHy

Ten to fifteen percent of SCD cases are attributable to cardio-
myopathies not associated with CAD. In patients with dilated 
cardiomyopathies, the presence of nonsustained VT, syncope, 
and/or advanced heart failure are high-risk predictors. SCD is 
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Box 30-1 Major Etiologies of Sudden Cardiac 
death

ischemic heart disease

Coronary atherosclerosis (myocardial ischemia or 
infarction)

Congenital coronary anomalies
arteritis
dissection
Coronary spasm

nonischemic heart disease

dilated cardiomyopathy
Hypertrophic cardiomyopathy
arrhythmogenic rV dysplasia or cardiomyopathy
Congenital heart disease (tetralogy of Fallot, Ebstein’s 

anomaly, transposition of great arteries)

Primary electrophysiology disorders

long Qt syndrome
Brugada syndrome
Idiopathic VF
Catecholaminergic polymorphic Vt
Commotio cordis
Metabolic derangements

Figure 30-1 Treatment algorithm for ICD-based primary and secondary prevention of sudden cardiac death (SCD). dCM, dilated 
cardiomyopathy; EPS, electrophysiologic study; ICd, implantable cardiac defibrillator; lV, left ventricular; lVEF, left 
ventricular ejection fraction; MI, myocardial infarction; NyHa, New york Heart association; VF, ventricular fibrillation; 
Vt, ventricular tachycardia.

Primary prevention of SCD Secondary prevention of SCD

LV systolic dysfunction Syncope Spontaneous VT Prior episode
of SCD

Prior myocardial infarction

LVEF �35%,
at least 40 days
post-MI
and in NYHA
functional
Class II or III

LVEF �35%,
and NYHA
functional
Class II or III

LVEF �30%,
at least 40 days
post-MI and
in NYHA
functional
Class I

LVEF �40%, 
nonsustained 
VT and
inducible VF
or sustained 
VT at EPS

Syncope of 
undetermined
origin with
clinically relevant,
hemodynamically
significant sustained
VT or VF
induced at EPS

Structural heart
disease and
spontaneous
sustained VT,
whether
hemodynamically
stable or unstable

Survivors of
cardiac arrest
due to VF or
hemodynamically
unstable sustained
VT; no reversible
causes identified

Nonischemic
cardiomyopathy

Class I indication for ICD therapy

the major cause (up to 72% in some studies) of death in patients 
with nonischemic cardiomyopathy. Most fatal arrhythmias  
are thought to be tachyarrhythmias, mainly polymorphic, and 
less commonly monomorphic, VT. The primary mechanism  
of polymorphic VT and VF is unknown, but subendocardial 
scarring and interstitial and perivascular fibrosis are probably 
involved. A particular type of monomorphic VT (see Chapter 
29) caused by bundle branch reentry is characteristic of nonis-
chemic cardiomyopathy. In bundle branch reentry, a “macro” 
reentrant circuit involving both bundles, the Purkinje system, 
and the myocardium can be documented.

HyPErtroPHIC CardIoMyoPatHy

Hypertrophic cardiomyopathy (HCM) is an autosomal- 
dominant inherited disorder estimated to affect 1 in 500 adults 
(see Chapter 19 and Figure 30-3). The overall risk of SCD in 
patients with HCM is estimated at 1% to 4% per year, but 
within subgroups of patients with this disease the risk of SCD 
varies substantially. All first-degree relatives of a patient with 
HCM who had SCD must be screened. Generally, patients with 

rV, right ventricular; VF, ventricular fibrillation; Vt, ventricular 
tachycardia.
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Figure 30-2 Mechanisms of sudden cardiac death (SCD): Ischemic heart disease. Cad, coronary artery disease; lV, left ventricular; 
lVEF, left ventricular ejection fraction; MI, myocardial infarction, VF, ventricular fibrillation; Vt, ventricular tachycardia.

The pathogenic electrical event leading to sudden cardiac death is likely VT followed 
by VF and eventually asystole

Patients with history of VT–VF episodes or those resuscitated from 
SCD, especially those with nonsustained VT, have high risk of fatal 
arrhythmia

Acute 
infarct

Healed infarct LVEF 35%

Reduced left 
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function

Ischemic heart 
disease

Structural 
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Molecular or 
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Ischemic heart disease and SCD

Potential etiologies Mechanism

SCD is defined as any death from a cardiac cause occurring
within 1 hour of symptom onset

MI causes fatal arrhythmias by
two distinct mechanisms—the
first is VT or VF in ischemic setting
(acute MI). The second is propensity
of myocardial scars to act as foci
for initiation of fatal arrhythmias.
CAD accounts for 80% of fatal
arrhythmias.

Patients with reduced LV function after MI
(LVEF ≤35%) are at high risk for fatal arrhythmias

VT

VT

VF

VF

with
E. Hatton

HCM who are at highest risk for SCD are those with recurrent 
syncope, nonsustained VT on Holter monitoring, extreme left 
ventricular hypertrophy on echocardiogram (>30 mm), abnor-
mal blood pressure response to exercise, and a positive family 
history of SCD from HCM. Careful evaluation for HCM is of 
utmost importance in young individuals because HCM is the 
most common cause of SCD in young athletes in the United 
States (Fig. 30-3, top). Genetic testing of first-degree relatives 
of an individual whose gene mutation has been identified may 
help establish risk but remains a controversial screening modal-
ity. Screening should include a detailed history and physical 
examination, ECG, and echocardiography.

arrHytHMogENIC rIgHt VENtrICular  
dySPlaSIa aNd CardIoMyoPatHy

Arrhythmogenic right ventricular dysplasia and cardiomyopathy 
(ARVD/C) is an autosomal-dominant condition in which the 
right ventricular (RV) myocardium is replaced by fatty or fibro-
fatty tissue. The left ventricle may be involved in later stages  
of the disease. SCD incidence in ARVD/C is 2% and usually 
presents before age 50.

The ECG may reveal left bundle branch morphology  
and left-axis deviation during VT, and epsilon waves and T- 
wave inversions in leads V1 through V3 during sinus rhythm 
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Figure 30-3 Mechanisms of sudden cardiac death (SCD): Inherited cardiomyopathies. ECg, electrocardiogram/electrocardiographic; 
HCM, hypertrophic cardiomyopathy; K+, potassium; Na+, sodium; VF, ventricular fibrillation; Vt, ventricular tachycardia.

Structural congenital abnormalities
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Long QT syndrome
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Acquired form (drugs, ischemia,
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Na+ channel blocker
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ECG demonstrating prolonged QT interval

ECG of polymorphic VT (Torsades de pointes)

Resting ECG findings in Brugada syndrome

Polymorphic VT pattern after administration of Na+  
channel blocker

Adrenergic stimulation (Exercise, fear, startle)
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HCM is the most common cause
of SCD in young athletes in the U.S.

Channelopathies

Long QT
syndrome
may result
from genetic
or acquired
factors that
affect number
and function
of ion channels,
resulting in
prolonged QT
interval and
increased
risk of
developing
fatal arrhythmias.

HCM is usually inherited
as an autosomal dominant
trait with incomplete
penetrance. Patients with a
family history of syncope
or sudden cardiac death
are at particularly high risk.

VT is common
in patients
with HCM and
asymmetric
septal hypertrophy

Patients have structurally normal hearts on
echocardiography. Exhibit ST elevations in V1–V3
characterized by accentuated J wave often followed
by inverted T wave. Administration of Na+ channel
blockers or other drugs may initiate polymorphic VT
resembling VF.

Rate = 71/min
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0.42 s

V1 V2 V3

Autosomal recessive (Jervell syndrome)
(Lange-Nielson syndrome)

with
E. Hatton

(Fig. 30-4). The most useful imaging study to confirm the 
diagnosis of ARVD/C is MRI, which classically shows fatty  
infiltration of the myocardium, RV dilatation or dyskinesia,  
or both, but if nondiagnostic, additional confirmatory tests may 
be required.

otHEr CoNgENItal aNoMalIES

Coronary artery anomalies are uncommon but account for a 
disproportionate percentage of deaths in young athletes. The 
mechanism of SCD is thought to be ischemia from coronary 
spasm or abnormal tension placed on the ectopic coronary 
artery by the ascending aorta and the pulmonary trunk (Fig. 
30-5). The most consistently fatal anomaly occurs when the left 

Figure 30-4 Epsilon wave in arrhythmogenic right ventricular 
dysplasia or cardiomyopathy.

V3

Epsilon waves (marked by the red arrowheads) are notches in the
terminal portion of the QRS complex that reflect slowed intraventricular
conduction.
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Figure 30-5 Congenital coronary artery anomalies.

Anomalous origin of the
left coronary artery from
the pulmonary artery

Anomalous course of a
coronary artery between
the pulmonary artery and
the aorta with the left
coronary artery arising from
the right coronary sinus.

Fistula communicating
the right coronary artery
with the right ventricle

Tetralogy of Fallot with the left
anterior descending coronary
arising from the right coronary
artery 

Transposition of the great
vessels. The aorta arises
from the right ventricle.

Aorta

Right and left
coronary arteries

coronary artery originates from the right coronary sinus and 
courses between the aorta and the pulmonary artery.

Other infrequent congenital diseases associated with an 
increased risk of SCD are mitral valve prolapse, aortic stenosis, 
Ebstein’s anomaly, coarctation of the aorta, tetralogy of Fallot, 
transposition of the great arteries, and Eisenmenger’s physiol-
ogy. When surgical correction is possible, the risk of SCD 
decreases but is not eliminated.

Primary Electrophysiology Disorders

loNg Qt SyNdroME

Channelopathies account for up to 5% to 10% of SCDs annu-
ally but generate considerable interest because these patients 
have structurally normal hearts. The most recognized of the 
channelopathies are manifested by prolongation of the QT 
interval with a concomitant increased risk of VT and SCD. 
Long QT syndrome (LQTS) encompasses patients with QTc 
intervals greater than 440 milliseconds (Fig. 30-3, middle) and 
can be congenital or acquired. The annual incidence of SCD  
is between 1% to 2% and approximately 9% in affected  
individuals with syncope. Life-threatening arrhythmia presents  
as torsades de pointes. Torsades de pointes, or “twisting of the 
point,” is polymorphic VT associated with a prolonged QT 
interval, R-on-T premature ventricular contractions, and long-
short coupled R-R intervals.

Multiple forms of LQTS have been recognized and associ-
ated with at least 12 different genes. LQTS1 and 2 are due to 
potassium channel defects. Potassium channels are responsible 
for cardiac repolarization; loss of function results in prolonga-
tion of repolarization and thus lengthening of the QT interval. 
SCD can occur with exercise stress or unexpected auditory 
stimulation (sudden loud sounds or a phone ringing in the 
middle of the night have been reported to cause SCD in LQTS). 
LQTS3 results from a gain of function in the cardiac sodium 
channel gene SCN5A that is associated with rapid cardiac depo-
larizations. Too much repolarization upsets the balance between 
depolarization and repolarization and results in QT prolonga-
tion. SCD occurs during sleep. β-blockers are a mainstay of 
treatment in all patients with congenital LQTS, regardless of 
symptoms, since they mitigate the effect of enhanced sympa-
thetic activity. Animal studies and registry data have shown 
β-blockers to be most efficacious in LQTS1 and least efficacious 
in LQTS3. This finding is probably due to the differing roles 
of sympathetic stimulation by genotype.

Acquired LQTS is reversible QT prolongation due to  
secondary causes (medications, electrolyte abnormalities, or  
ischemia). It is unclear whether there is always a genetic predis-
position to the acquired form of LQTS, but cases have been 
described wherein patients with apparent acquired LQTS have 
a subtle genetic abnormality.

Brugada SyNdroME

Brugada syndrome, an autosomal-dominant disease, causes  
20% of SCD in young people with structurally normal hearts. 
The most common recognized cause is a loss-of-function muta-
tion in SCN5A that results in early repolarization of the RV 
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myocardium. However, in most patients the genetic abnormal-
ity has not been recognized. SCD is associated with rest  
or nocturnal settings and elevated temperatures (e.g., febrile 
illness or hot tubs). Diagnosis is based on symptoms and 12-lead 
ECG showing ST elevations of more than 2 mm in leads V1 
through V3, characterized by an accentuated J wave (often fol-
lowed by a negative T wave) (Fig. 30-3, lower). Type 1 pattern, 
shown in Figure 30-3, is diagnostic of Brugada syndrome. Type 
2 pattern has a “saddleback” ST elevation in the right precordial 
leads, and type 3 pattern has either a coved or saddleback 
appearance with ST elevation of more than 1 mm. Sodium 
channel blockade with flecainide or procainamide can unmask 
Brugada ECG patterns when the diagnosis is in doubt. Electro-
physiology study (EPS) should be considered in patients with 
spontaneous type 1 pattern regardless of symptoms, and if posi-
tive for inducible VT, an implantable cardioverter defibrillator 
(ICD) should be considered. In patients with type 1 pattern 
provoked by a sodium channel blocker, EPS is recommended 
in those with a family history of SCD. Any patient with a history 
of syncope or cardiac arrest and a type 1 pattern should be 
considered for an ICD.

otHEr ElECtrICal dISordErS

In Wolff-Parkinson-White syndrome, rapid conduction of 
atrial fibrillation or flutter down an accessory pathway can lead 
to rapid ventricular rates and degenerate to VF. Patients with 
Wolff-Parkinson-White syndrome are at higher risk of SCD if 
multiple pathways are present, and if the R-R interval during 
preexcited atrial fibrillation is less than 250 milliseconds (or 
240 bpm). Short QT syndrome, characterized by a QT interval 
of less than 300 milliseconds, is caused by gain-of-function 
mutations in genes encoding potassium channels. It presents 
with syncope, atrial fibrillation, or VT, and typically affects 
young healthy patients with structurally normal hearts. Bradyar-
rhythmias can result in SCD and are discussed in Chapter 26. 
Other potential but rare causes of SCD include catecholamin-
ergic polymorphic VT, idiopathic VF, and congenital heart 
block (which results in VF).

CoMMotIo CordIS

Commotio cordis is SCD from blunt, nonpenetrating chest 
blows, occurring in an individual without structural anomalies in 
the heart and without traumatic injury to the sternum, the ribs, 
or the heart. Chest impact during the 15 to 30 milliseconds pre-
ceding the peak of the T wave can induce VF. The harder the 
projectile, the more reliably VF was induced in swine model 
experiments. The overall survival rate is less than 25%, and when 
cardiopulmonary resuscitation was initiated after 3 minutes (38 
patients) in one study, only 3% survived. Prevention with pro-
tective sporting equipment, softer baseballs, and rapid bystander 
cardiopulmonary resuscitation (including immediate access to 
automated external defibrillators) represent the best strategies. 
Teenaged boys are particularly at risk given the sports they play 
and the underdevelopment of their chest walls.

SuDDEn CaRDiaC DEath in  
young athlEtES

SCD in young (age <35 years) athletes is very rare, with U.S. 
incidence at approximately 1 in 200,000. The three most 
common etiologies in the United States are HCM, commotio 
cordis, and coronary anomalies. In athletes older than 35 years, 
CAD remains the most common cause of SCD. Screening 
centers on the history and physical; any athlete who reports 
prior exertional syncope or near syncope must undergo further 
cardiac evaluation. Routine use of ECG and echocardiography 
remains controversial. The 36th Bethesda Conference provided 
recommendations for athletic participation in patients at risk of 
SCD (see Chapter 69 for additional information).

DiagnoStiC aPPRoaCh

Early response is critical, and patients are far more likely to 
survive to hospital discharge if bystander cardiopulmonary 
resuscitation and early defibrillation are available. Thus, 
advanced cardiac life support and the rapid-response system 
must be activated as soon as possible. The evaluation of survi-
vors of SCD should include a detailed history and physical 
examination, including the circumstances of the SCD, medica-
tion and drug history, a family history of SCD, and potential 
risk factors. Diagnostic testing may include any combination  
of ECG, echocardiography, cardiac catheterization, CT, MRI, 
telemetry monitoring, stress testing (exercise or pharmaco-
logic), and EPS. During an EPS, attempts are made to induce 
VT. The EPS is more sensitive in patients with ischemic  
than nonischemic heart disease, but recent trials have shown 
that the predictive value of induced VT is significantly less  
than initially proposed. Nonetheless, multiple studies have  
verified the predictive power of the EF in both primary- and 
secondary-prevention patients. Unless a clearly reversible  
cause is found, the vast majority of SCD survivors will require 
ICD implantation to prevent further events. Attempts to reduce 
SCD must be centered on prevention, because mortality is  
so high.

SummaRy oF iCD tRialS

Results of multiple clinical trials have helped define the role of 
ICDs in primary and secondary prevention of SCD. EF is the 
most potent predictor of SCD, and ICDs are superior to anti-
arrhythmic drug therapy in most cases. Recent important trials 
are briefly reviewed below (Tables 30-1 and 30-2).

Primary Prevention

Several trials have sought to identify patients at risk of SCD  
and assess the role of ICD or antiarrhythmic therapy as primary 
prevention measures. The broad categories of patients have 
consisted of (1) history of myocardial ischemia or infarction,  
or both, and (2) congestive heart failure of any etiology. The 
first of these studies, the Multicenter Automatic Defibrillator 
Implantation Trial (MADIT I, 1996), directly compared ICD 
versus amiodarone in patients with prior MI, EF ≤35%, and an 
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table 30-1 Summary of Major Implantable Cardioverter defibrillator trials—Primary Prevention

trial inclusion Criteria key Findings

Multicenter automatic 
defibrillator Implantation 
trial (MadIt I, 1996)

Prior MI, EF ≤35%, 
nonsustained Vt, abnormal 
EPS (Vt induced)

ICds reduced overall mortality by 54% compared with 
medical therapy.

Multicenter unsustained 
tachycardia trial (MuStt, 
1999)

Prior MI, EF ≤40%, 
nonsustained Vt

Cardiac arrest or death from arrhythmia was significantly 
lower in those receiving an ICd compared with those 
receiving no therapy or those with EPS-guided 
antiarrhythmic drug therapy.

MadIt II, 2002 Prior MI, EF ≤30%, these patients have a high risk of SCd regardless of the 
presence of nonsustained Vt or the results of EPS.

defibrillator in acute 
Myocardial Infarction trial 
(dINaMIt, 2004)

MI within preceding 6–40 
days, EF ≤35%,

ICd did not reduce overall mortality in patients with 
recent MI. ICd was associated with reduced arrhythmic 
death, but that was offset by increased rate of 
nonarrhythmic death.

CaBg Patch (1997) Planned CaBg, EF <36%, 
abnormal SaECg

ICd at time of revascularization did not improve overall 
therapy compared with medical therapy.

defibrillators in Non-ischemic 
Cardiomyopathy treatment 
Evaluation (dEFINItE, 2004)

Nonischemic dilated 
cardiomyopathy, EF ≤35%, 
nonsustained Vt

Significant reduction in all-cause mortality in NyHa class 
III heart failure patients, trend toward significance in all 
study patients receiving ICd.

Sudden Cardiac death in Heart 
Failure trial (SCd-HeFt, 
2005)

Ischemic or nonischemic 
cardiomyopathy, class II and 
III heart failure, EF ≤35%

ICd group had 23% reduction in overall mortality. 
amiodarone without ICd did not confer survival benefit.

CaBg, coronary bypass grafting; EF, ejection fraction; EPS, electrophysiologic study; ICd, implantable cardioverter defibrillator; MI, myocardial 
infarction; NyHa, New york Heart association; SaECg, signal-averaged ECg; Vt, ventricular tachycardia.

table 30-2 Summary of Major Implantable Cardioverter defibrillator trials—Secondary Prevention

trial inclusion Criteria key Findings

Cardiac arrest in Hamburg 
(CaSH, 1994)

Survivors of SCd ICds reduced overall mortality by 23% compared with 
either amiodarone or metoprolol and 63% reduction 
compared with propafenone.

Canadian Implantable 
defibrillator Study (CIdS, 
2000)

Cardiac arrest survivors due to Vt 
or VF or syncope thought due to 
arrhythmia

Patients at highest risk of death benefited most from ICd.
age, poor ventricular function, and poor functional status 

predict risk.
antiarrhythmics Versus 

Implantable defibrillators 
(aVId, 1997)

resuscitated VF or sustained Vt 
with syncope or sustained Vt 
with chest pain and EF ≤40%

ICd therapy was associated with 39%, 27%, and 31% 
reductions in mortality at 1, 2, and 3 years, respectively, 
compared with antiarrhythmic drug therapy.

CaBg, coronary bypass grafting; EF, ejection fraction; ICd, implantable cardioverter defibrillator; SCd, sudden cardiac death; VF, ventricular 
fibrillation; Vt, ventricular tachycardia.

abnormal EPS. It was stopped early, because the ICD group had 
a 55% reduction in total mortality. The Multicenter Unsus-
tained Tachycardia Trial (MUSTT, 1999) enrolled a patient 
population similar to MADIT I but with an EF ≤40%. The 
study’s goal was to compare medical therapy with EPS-guided 
therapy (antiarrhythmic drug or ICD). The incidence of 
arrhythmic death was significantly lowered in those receiving an 
ICD. MADIT II (2002) evaluated patients whose MI had 
occurred at least 30 days before the trial began, whose bypass 
surgery or percutaneous coronary intervention had taken place 
at least 3 months before, or both, and who had EFs ≤30%. No 
other risk stratification was undertaken. This trial was also 
stopped early, since the ICD group showed a marked 29% 
reduction in all-cause mortality as compared with the conven-
tional medical therapy group. The Defibrillator in Acute Myo-
cardial Infarction Trial (DINAMIT, 2004) evaluated whether 
early ICD implantation in an immediate (6–40 days, average 18 

days) post-MI population confers benefit. While arrhythmic 
deaths were more frequent in the non-ICD arm of the study, 
no significant benefit in all-cause mortality was noted. The 
Coronary Artery Bypass Graft Patch (CABG Patch, 1997) Trial 
also examined the potential benefit of an early (epicardial) ICD 
system implantation at the time of bypass surgery. Patients had 
EFs less than 36% and a positive signal-averaged ECG (a more 
detailed ECG that averages recordings taken over a period of 
20 minutes). There was no significant benefit in overall mortal-
ity, emphasizing the powerful effect of coronary revasculariza-
tion in SCD prevention. The ICD group did have a relative 
45% reduction in arrhythmia-associated death.

Based on the primary-prevention trials’ results, current 
guidelines recommend ICD implantation for primary preven-
tion in patients with ischemic cardiomyopathy (EF ≤35%) 
whose MI occurred at least 40 days before implantation or 
whose revascularization occurred at least 3 months before.
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To examine the role of ICD in patients with nonischemic 
cardiomyopathy, the Defibrillators in Non-ischemic Cardiomy-
opathy Treatment Evaluation (DEFINITE, 2004) Trial enrolled 
patients with EFs less than 35% and nonsustained VT. Patients 
receiving an ICD demonstrated a strong but not quite signifi-
cant trend in reduction of all-cause mortality. The Sudden 
Cardiac Death Heart Failure Trial (SCD-HeFT, 2005) included 
both ischemic and nonischemic cardiomyopathy patients. In 
these patients with EFs ≤35%, and New York Heart Association 
(NYHA) class II or III heart failure, overall mortality was  
significantly reduced in the ICD group (compared with  
amiodarone). In the latest guidelines, any patient meeting SCD-
HeFT critieria qualifies for an ICD.

In patients who are candidates for cardiac resynchronization 
therapy, the Comparison of Medical Therapy, Pacing, and  
Defibrillation in Chronic Heart Failure (COMPANION) Trial 
demonstrated significant reduction in all-cause mortality. 
Cardiac resynchronization therapy is reviewed in Chapter 32.

Secondary Prevention

For survivors of SCD without a reversible cause, ICD implanta-
tion is extremely beneficial in preventing death from VT or VF. 
Three randomized controlled trials have assessed the role of 
ICDs in secondary prevention. Two meta-analyses confirmed a 
significant reduction (25%–28%) in overall mortality with an 
ICD compared with amiodarone, especially in patients with an 
EF ≤35%.

The Cardiac Arrest Survival in Hamburg (CASH, 2000) 
Trial compared an ICD to metoprolol, propafenone, or amio-
darone. A 23% reduction in mortality (P = 0.08) was seen in the 
ICD group as compared with metoprolol or amiodarone. 
Propafenone was stopped prematurely in the study because of 
increased mortality rates. The Canadian Implantable Defibril-
lator Study (CIDS, 2000) did not show significant reduction in 
total mortality with an ICD compared to amiodarone after 
5-year follow-up. Further analysis showed that the highest-risk 
patients (having two of the following: EF ≤35%, NYHA class 
III or IV heart failure, age >70 years) did derive a significant 
survival benefit with an ICD. Both CASH and CIDS may have 
lacked the statistical power to demonstrate significant mortality 
benefit. In the Antiarrhythmic Drug Versus Defibrillator 
(AVID, 1997) Trial, over 1000 patients who had survived cardiac 
arrest and who had an EF ≤40% were randomized to ICD or 
medical therapy with amiodarone or sotalol. Survival was sig-
nificantly higher in the ICD group, and there was over 50% 
reduction in arrhythmic death. Additionally, the improved sur-
vival was seen most in patients with an EF of 20% to 35%.

managEmEnt anD thERaPy

Optimum Treatment

A summary of the current guidelines is shown in Box 30-2. 
Patients with ischemic cardiomyopathy and an EF less than 35% 
should receive an ICD after optimization of anti-ischemia 
therapy and after at least 40 days have passed since MI or  
3 months after revascularization, or both. For patients with  
a previous MI and an EF between 35% and 40%, but a history 
of nonsustained VT or syncope, an EPS should be performed. 

Box 30-2 Summary of Indications for Implantable 
Cardioverter defibrillator

• documented cardiac arrest due to VF and not due to a 
reversible cause (secondary prevention)

• documented sustained Vt, spontaneous or induced 
during EPS, not associated with acute MI or reversible 
cause (secondary prevention)

• documented prior MI, EF ≤35%, and inducible sustained 
Vt or VF on EPS; the MI must have occurred more than 
4 weeks before, and the EPS must be performed more 
than 4 weeks after the MI (MadIt I criteria)

• documented prior MI and EF ≤30% (MadIt II criteria)
• at least 40 days have passed since the most recent MI
• Ischemic dilated cardiomyopathy, documented prior MI, 

NyHa class II or III heart failure, and EF ≤35% 
(SCd-HeFt criteria)

• at least 3 months have passed since revascularization 
(CaBg or PCI)

• optimization of medical therapy
• Expected survival with a good functional status of at 

least 1 year

Exclusions include:
• Prior MI within the past 40 days (dINaMIt criteria)
• Hypotension or cardiogenic shock while in a stable 

baseline rhythm
• CaBg or PCI within the past 3 months
• Symptoms or findings that would make the patient a 

candidate for revascularization
• Noncardiac disease associated with expected survival 

or less than 1 year or irreversible brain damage

CaBg, coronary bypass grafting; dINaMIt, defibrillator in  
acute Myocardial Infarction trial; EF, ejection fraction;  
EPS, electrophysiologic study; MadIt, Multicenter automatic 
defibrillator Implantation trial; MI, myocardial infarction;  
NyHa, New york Heart association; PCI, percutaneous coronary 
intervention; SCd-HeFt, Sudden Cardiac death in Heart Failure  
trial; VF, ventricular fibrillation; Vt, ventricular tachycardia.

If the patient has inducible VT, an ICD should be implanted. 
Medical therapy, including angiotensin-converting enzyme 
inhibitors, β-blockers, antiplatelet agents, and lipid-lowering 
therapy, should be optimized.

For patients with persistent nonischemic cardiomyopathy, 
NYHA class II heart failure and an EF ≤35%, an ICD should 
be placed. EPSs are not predictive of recurrent arrhythmias in 
most patients in this group. In the case of bundle branch reentry 
VT, radiofrequency ablation (see Chapter 33) may be beneficial, 
although patients in this group will still require ICD placement 
if the EF is ≤35%. Other specific diseases require more 
aggressive approaches. In patients with Wolff-Parkinson-White 
syndrome and SCD, radiofrequency ablation is necessary. 
Patients with a family history of SCD who have findings of 
HCM, arrhythmogenic RV dysplasia, LQTS, or Brugada syn-
drome should undergo ICD placement, and any agent known 
to precipitate acquired LQTS should be discontinued immedi-
ately. Finally, patients without a demonstrable cause for docu-
mented VF or VT are still at risk for SCD and should be offered 
ICD therapy.

β-blockers have a favorable effect on prevention of SCD and 
other benefits in patients with congestive heart failure. The 
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Metoprolol Controlled-Release Randomized Intervention Trial 
in Heart Failure showed a 41% decrease in SCD in heart failure 
patients with an EF below 40% (mean ~28%) with β-blocker 
therapy. A β-blocker may be added to amiodarone in most cases 
without causing worrisome bradycardia. The combined post 
hoc analysis of the European Myocardial Infarction Amiodarone 
Trial and the Canadian Amiodarone Myocardial Infarction 
Arrhythmia Trial revealed a 61% decrease in SCD in post-MI 
patients treated with both β-blockers and amiodarone, although 
no change in overall mortality was noted.

Avoiding Treatment Errors

Implantation of ICDs has become a routine procedure for 
cardiac electrophysiologists, but they should be implanted by 
experienced operators. Rare procedural complications include 
pneumothorax, cardiac tamponade, bleeding, or infection.

When compared with antiarrhythmic therapy, ICDs are 
clearly superior in the prevention of SCD. Individualization of 
medical treatment must be balanced with adherence to the latest 
guidelines to identify and treat patients who are most likely to 
benefit from ICD therapy.

FutuRE DiRECtionS

Ongoing research involves finding genetic, electrical, and bio-
chemical markers for increased risk of SCD. Although the EF 
is a powerful predictor of those at risk of SCD, its measurement 
can be variable depending on the testing modality used and the 
physiologic state of the patient. Follow-up data from SCD-
HeFT has shown that over 80% of patients had not required 
therapy from their prophylactic ICD. Development of an SCD 
“risk score,” much like the CHADS2 index that guides oral 
anticoagulation in atrial fibrillation patients or the TIMI risk 
score for guiding management of NSTEMI, may be the best 
means of stratifying risk and controlling costs. Such a score 
could incorporate a combination of invasive and noninvasive 
studies such as the EPS, signal-averaged ECG, microvolt 
T-wave alternans, heart rate variability, maximum oxygen con-
sumption, and serum B-type natriuretic peptide. To enhance 
survival of out-of-hospital cardiac arrests, the rapid-response 
system must be expanded as much as possible by teaching basic 
life support in the schools and increasing the availability of 
automated external defibrillators.
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Syncope

Kimberly A. Selzman and Richard G. Sheahan

S yncope is a transient loss of consciousness with an inability 
to maintain postural tone. Typically, it is quickly followed 

by a spontaneous recovery of consciousness and the ability to 
resume the initial upright position. Syncope does not include 
other conditions of altered consciousness such as seizure or 
shock, but can be difficult to distinguish from them. Syncope is 
very common and is responsible for 1% to 5% of visits to emer-
gency departments and approximately 5% of hospital admis-
sions. This translates into almost a million syncope evaluations 
in the United States each year. The various etiologies of syncope 
can be divided into five broad categories including neurally 
mediated (i.e., vasovagal), orthostatic (most common), cardiac 
arrhythmia (both tachycardia and bradycardia), cardiac lesions 
obstructing outflow (i.e., aortic stenosis), and cerebrovascular 
ischemic attacks such as a vertebrobasilar attack (which is a rare 
cause of syncope) (Table 31-1). The dilemma is to differentiate 
benign neurally mediated syncope (NMS) from less common 
but more harmful etiologies.

These various etiologies all cause inadequate cerebral perfu-
sion that ultimately results in syncope. After a careful history 
and physical examination and ECG, further diagnostic tests are 
often warranted to rule out the various causes. Regardless of the 
diagnosis, however, the treatment for syncope is always directed 
toward the underlying cause.

Etiology and PathogEnESiS

Neurally Mediated Syncope

NMS, also referred to as “vasovagal syncope,” is the most 
common cause of syncope. Typical fainting is not a pathologic 
cardiac condition, but most likely a remnant defense mechanism 
in response to stress that dates back to the origins of humans 
and is also seen in other vertebrate animals in response to stress. 
Several types of situational syncope are also neurally mediated, 
such as micturition, postprandial, and post-exercise syncope. 
The pathophysiology of NMS remains to be fully elucidated. 
Several theories involve baroreceptor reflex abnormalities that 
cause disconnection between the autonomic nervous system and 
the cardiovascular system. Another theory is that venous pooling 
that occurs with the upright position leads to reduced cardiac 
filling, which then leads to activating mechanoreceptors that 
cause a paradoxical withdrawal of sympathetic tone (Fig. 31-1). 
The triad of apnea, bradycardia, and hypotension was first 
termed the Bezold-Jarisch reflex in the 1940s when it was appreci-
ated that afferent and efferent pathways in the vagus nerve 
control heart rate and vasomotor tone by increasing or decreas-
ing parasympathetic discharge to the heart. Several cardiac 
receptors are part of the intricate network including various 
baroreceptors and chemoreceptors.

In truth there probably is no single unifying syndrome that 
occurs in all NMS patients. In general, there seems to be an 
initial trigger that increases sympathetic activity followed by a 

withdrawal of sympathetic outflow and an increase in vagal 
activity. This results in tachycardia and vasoconstriction fol-
lowed by bradycardia and vasodilation, which result in hypoten-
sion and ultimately unconsciousness.

Orthostatic Hypotension

Orthostatic hypotension is a common cause of syncope, particu-
larly in elderly individuals or in individuals with decreased  
intravascular volume status from any of a number of causes. The 
American Autonomic Society defines orthostatic hypotension as 
a drop of at least 20 mm Hg of systolic pressure or at least 
10 mm Hg of diastolic pressure within 3 minutes of standing. 
Some primary disorders of the autonomic nervous system cause 
orthostatic hypotension such as Parkinson’s disease and Shy-
Drager syndrome, and some disorders secondarily affect the 
autonomic system such as diabetes mellitus or a paraneoplastic 
process (Fig. 31-2). Also, many medications cause or exacerbate 
orthostatic hypotension, which disproportionately affect the 
elderly and are a frequent cause of falls and syncope.

Cardiac Arrhythmia

Both bradyarrhythmias and tachyarrhythmias can cause syncope. 
Bradycardia or asystole due to sinus node dysfunction is often 
abrupt in onset, which distinguishes it from neurally mediated 
bradycardia, which tends to be more gradual. Atrioventricular 
(AV) block also tends to be sudden in onset and typically occurs 
in the setting of AV conduction disease such as a bundle branch 
block or other infranodal conduction disease.

Both supraventricular and ventricular tachycardias can cause 
similar symptoms such as palpitations, shortness of breath, and 
dizziness, and both entities can lead to syncope. The rate of 
tachycardia (i.e., >170 bpm) is probably more predictive of 
causing syncope than the mechanism of the arrhythmia.

In patients with either an ischemic or dilated cardiomyopa-
thy, ventricular tachycardia (VT) should be at the top of the 
differential until proven otherwise. Also, other structural abnor-
malities, such as hypertrophic cardiomyopathy and arrhythmo-
genic right ventricular cardiomyopathy, predispose individuals 
to ventricular arrhythmias. Inherited ion channel disorders, 
namely long QT syndrome, Brugada syndrome, short QT syn-
drome, and polymorphic VT, can cause spontaneous ventricular 
arrhythmias despite a structurally normal heart.

Cardiac Outflow Obstruction

Mechanical outflow obstruction of the left ventricle is a rela-
tively uncommon cause of syncope. Some of these etiologies 
include aortic stenosis, hypertrophic cardiomyopathy, and 
cardiac myxoma. Most causes of cardiac obstruction have a 
murmur on physical examination, and the diagnosis is made by 
echocardiography, which reveals the mechanical obstruction.
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table 31-1 Etiologies of Syncope

Etiology typical Findings typical Symptoms age Range of Patient

neurocardiogenic

Classic vasovagal Normal physical 
examination

History details inciting event

Prodrome with 
diaphoresis

Young and old

Situational
Cough
Micturition

Recovery within 
minutes

Young and old

Carotid sinus hypersensitivity Occurs with head 
turning

Old

orthostatic hypotension

Medications
Antihypertensives, vasodilators, diuretics

Autonomic dysfunction

Orthostatic on examination Dizzy, unsteady with 
upright position

Old

Cardiac arrhythmia

Bradyarrhythmia
Heart block
Sinus block

ECG shows sinus 
bradycardia

Bundle branch block
Bifascicular block

Sudden onset
Minimal prodrome

Old

Tachyarrhythmia
SVT
WPW (atrial fibrillation)
RV dysplasia (VT)
LQTS (torsades de pointes)
Brugada (VT, VF)
VT (coronary obstruction due to 

atherosclerosis or anomalous coronaries)

No structural heart disease 
(SVT)

Structural heart disease or 
abnormal ECG (VT)

Rapid recovery Young and old

Cardiac outflow obstruction

Hypertrophic cardiomyopathy
Aortic stenosis
Tumor, myxoma
Pulmonary hypertension

Murmur Possibly exertional 
intolerance, heart 
failure symptoms

Old

Cerebrovascular

Vertebrobasilar stroke
Bilateral severe carotid stenosis

Neurologic findings
Bruits

Neurologic 
symptoms

Visual disturbances

Old

ECG, electrocardiogram; LQTS, long QT syndrome; RV, right ventricular; SVT, supraventricular tachycardia; VF, ventricular fibrillation;  
VT, ventricular tachycardia; WPW, Wolff-Parkinson-White syndrome.

Cerebrovascular Disorders

Many neurologic disorders actually cause syncope by inducing 
orthostatic hypotension. Transient ischemic attacks and strokes 
in general do not cause syncope. Carotid sinus hypersensitivity 
is a common finding in older persons, even in those without a 
strong history of syncope. One hypothesis suggests that reduced 
carotid sinus compliance in patients with diffuse atherosclerosis 
leads to baroreflex hypersensitivity, causing hypotension and 
bradycardia when stimulated with massage or neck turning.

CliniCal PRESEntation

The symptoms that surround a syncopal event can often aid in 
determining the underlying etiology (Box 31-1).The quality and 
duration of symptoms preceding the loss of consciousness can 
vary considerably depending on the etiology. Observations of 

witnesses are also very important and can help recreate the 
events and timeline from prodrome to duration of unconscious-
ness and mental status upon arousal. Typically, NMS patients 
have a prodrome before losing consciousness that lasts from 
several seconds to minutes. The prodrome may consist of 
nausea, diaphoresis, anxiety, or palpitations. These symptoms 
are followed by a very brief period of unconsciousness (usually 
less than 1 minute) and then a rapid recovery within a few 
minutes. After the event, the patient may feel fatigued but 
should be oriented and coherent. These episodes generally 
occur when the person is in the upright position, similar to 
orthostatic hypotension events. Occasionally, patients will have 
little or no warning before passing out. A lack of prodrome is 
more frequently associated with an arrhythmic etiology. Tradi-
tionally, Stokes-Adams syndrome has been used to describe this 
abrupt loss of consciousness due to a marked decrease in heart 
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Figure 31-1 Innervation of the heart.
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rate, although it has come to represent abrupt loss of conscious-
ness from both tachyarrhythmias and bradyarrhythmias. If 
syncope occurs during exertion it is imperative that cardiac 
etiologies be considered. Chest pain may also accompany a 
tachycardic arrhythmia such as VT due to coronary disease.

It is important to note that tonic-clonic movements can be 
seen in both syncope and seizure activity, and it is often difficult 
to distinguish the two. Confusion present after arousal is more 
consistent with seizure activity. Strokes rarely cause syncope but 
can do so when either severe bilateral carotid artery disease or 
basilar artery insufficiency is present. Syncope due to these 

neurovascular causes are often in conjunction with focal neuro-
logic findings.

diFFEREntial diagnoSiS

Determining the event’s etiology is often frustrating and elusive. 
A careful history of the event is the first step in trying to eluci-
date the etiology and establish if the event was truly syncopal. 
Knowing what activities preceded the event, the person’s body 
position just before falling, and the person’s affect after the 
event can be instrumental. Then, a detailed past medical history 
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Figure 31-2 Autonomic dysfunction causes hemodynamic abnormalities.
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Box 31-1 Key Questions for the Patient with a History of Syncope

• Activities performed when the episode began
Exercise
Position changes
Postmicturition
Defecation
Cough

• Time of day
• Medications

Insulin
Other prescription medications
Over-the-counter medications
Illicit drugs
Alcohol
Time interval after taking medications/insulin
New medications or changes in dosing of medications/

insulin
• Any recent febrile illness
• Vomiting or diarrhea
• Anemia
• Recent fractures
• Recent air travel
• Recent trauma

• Near-drowning
• Sight of blood
• Looking upward
• Family history of sudden unexplained death even in 

remote cousins
• Information about the episode

Presence of pallor, clamminess, or sweating
Tonic-clonic activity
Duration of the episode
Time until patient awoke (from a witness)
From witnesses: the time it took the patient to become 

fully alert and oriented
• Pulse rate
• Symptoms following the episode

Palpitations
Nausea
Vomiting
Chest pain
Shortness of breath
Sweating

• Pain related to injuries resulting from the syncopal 
episode

and family history can also help determine if the patient is at 
“high risk” for arrhythmic syncope. For example, cardiac 
syncope due to an arrhythmia is more likely in a person with a 
history of left ventricular dysfunction or an abnormal ECG. 
Ventricular arrhythmias should be considered, particularly if the 
ECG shows evidence of a prior myocardial infarction, of QT 
prolongation, or of numerous other cardiovascular abnormali-
ties (see below). Recent changes in medication should be inves-
tigated. A syncopal event and a family history of sudden death 
in a patient warrants immediate attention, and further testing 
should probably be done on an inpatient basis (see also Chapters 
27, 29, and 30).

diagnoStiC aPPRoaCh

The physical examination should include blood pressure and 
pulse measurements in both arms and in the lying, sitting, and 

standing positions. Often the results of the examination are 
normal except in the rare cases of an outflow obstruction (as in 
individuals with hypertrophic cardiomyopathy), in whom a loud 
murmur may be present, or in patients with cardiomyopathy in 
which left ventricular enlargement and dysfunction can be diag-
nosed by physical examination. Carotid sinus massage can be 
performed to elicit carotid sinus hypersensitivity, which is a 
profound asystole due to baroreceptor stimulation. Barorecep-
tor function declines with advancing age, and carotid sinus 
hypersensitivity typically affects older patients, particularly 
males. It is not recommended to perform carotid massage on 
older patients with carotid bruits or suspected carotid vascular 
disease. Many processes can also masquerade as syncope, such 
as seizures, pseudoseizures or psychogenic seizures, and disor-
ders of autonomic function. Often, the history, physical, and 
ECG are suggestive but insufficient to make the diagnosis, and 
further testing is required (Fig. 31-3).
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Figure 31-3 Syncope: diagnostic evaluation. BP, blood pressure; ECG, electrocardiogram; HR, heart rate.
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ECG is part of any history and physical in patients presenting 
with syncope (Fig. 31-4). Although it is often normal, any 
evidence of AV block, bundle branch block, or pacemaker mal-
function suggests bradycardia as a possible cause. Severe left 
ventricular hypertrophy can be seen with hypertrophic cardio-
myopathy. The QT interval must be closely inspected, since 
QT prolongation can be a subtle finding and can be missed  
by the automated ECG computer interpretation algorithm. 
Brugada syndrome typically has a coved ST segment elevation 
and incomplete right bundle branch block pattern in leads V1 
to V3. Arrhythmogenic right ventricular cardiomyopathy may 
show a distinguishing epsilon wave at the QRS complex’s ter-
minal portion or T-wave inversions in leads V1 to V3.

Blood Tests

Hematocrit and urinalysis can be helpful to determine volume 
status. Blood glucose can be checked acutely if hypoglycemia is 
suspected.

Echocardiography

If left ventricular dysfunction is suspected or abnormal  
cardiac findings are present on physical examination, an echo-
cardiogram can assess if there is ventricular dysfunction, 

hypertrophy, or an obstructive process. Ventricular function is 
closely linked to the overall prognosis in syncope patients, with 
low systolic function portending a poor prognosis, presumably 
because of the increased incidence of cardiac arrhythmias in this 
group. In patients with syncope and a depressed ejection frac-
tion, VT should be considered the cause of syncope until proven 
otherwise (see Chapters 29 and 30).

ECG Monitoring (Holter Monitors, Event 
Monitors, and Loop Recorders)

The goal of all monitors and recorders is to correlate an arrhyth-
mia to symptoms. A Holter monitor is typically worn for 24 to 
48 hours and continuously records the cardiac rhythm. The 
patient can record the time of day if symptoms occur. This is 
an effective method for symptoms that occur frequently or can 
be reproducibly recreated. The majority of patients with syncope 
or pre-syncope have a much lower frequency of symptoms, and 
the occurrence of these symptoms is unpredictable. Event moni-
tors may be worn for 1 to 3 months. When symptoms occur, 
the patient activates the monitor, which captures the cardiac 
rhythm before and after the event. In some circumstances, it is 
necessary to obtain much longer term recordings. Loop record-
ers implanted under the skin can remain in place for up to 3 



266 SECTION IV • Cardiac Rhythm Abnormalities

Figure 31-4 Flow chart for the diagnostic approach to the patient with syncope. From Strickberger SA, Benson DW, Biaggioni I, et al. 
AHA/ACCF Scientific Statement on the Evaluation of Syncope. From the American Heart Association Councils on Clinical 
Cardiology, Cardiovascular Nursing, Cardiovascular Disease in the Young, and Stroke, and the Quality of Care and 
Outcomes Research Interdisciplinary Working Group; and the American College of Cardiology Foundation In 
Collaboration With the Heart Rhythm Society. J Am Coll Cardiol. 2006;47:473–484.
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years. Although both event monitors and implantable loop 
records have detection algorithms that automatically record for 
bradycardia and tachycardia, the highest yield is obtained when 
the patient activates the recorder based on symptoms.

Head-up Tilt-Table Test

A head-up tilt-table test is designed to keep patients in the 
upright position while continuously recording their blood pres-
sure and heart rate. Occasionally, a head-up tilt-table test can 
be used to aid in the diagnosis of NMS. Isoproterenol or nitro-
glycerin can be administered to help reproduce symptoms or 
achieve a positive test result. If a patient has NMS during the 
test, it can be confirmed by the hemodynamic changes seen. The 
majority of patients with NMS do not require a tilt test, particu-
larly if the history and physical indicate the diagnosis alone. In 
addition, the sensitivity of the head-up tilt-table test is variable 
and may not even be reproducible in the same patient. Nonethe-
less, it can be a useful test if the cardiac evaluation is normal and 
the history is suggestive of, but not “classic” for, an episode of 
vasovagal syncope.

Electrophysiology Study

An electrophysiology study (EPS) involves the placement of 
transvenous catheters within the heart to test sinus node func-
tion, AV conduction, and susceptibility to supraventricular and 
ventricular arrhythmias. The yield of an EPS is low in someone 
with a negative physical examination and cardiac evaluation 
including monitoring and an echocardiogram. In addition, the 
sensitivity of an EPS for detecting bradyarrhythmias and heart 
block is very low. Therefore, EPS is not routinely performed in 
most syncope patients. In patients with a history of myocardial 
infarction, an EPS can help risk-stratify those who are at higher 
risk for ventricular arrhythmias and should be considered.  
If ischemia is suspected, an ischemia evaluation with a stress  
test or heart catheterization should be performed before  
EPS. The EPS is less helpful in risk-stratifying patients with 
nonischemic cardiomyopathies for malignant tachyarrhythmias. 
If the ejection fraction is less than 35% (irrespective of etiology), 
these patients may qualify for an implantable cardioverter  
defibrillator regardless of the EPS results (see Chapter 32).  
If Brugada syndrome is suspected, a procainamide challenge  
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table 31-2 Risk Assessment Scores Used in the Emergency Department to Select High-Risk Syncope Patients

Protocol history, Presentation, and Exam Findings Scoring

San Francisco Syncope Rule History of CHF
Hct <30
Either a new finding on ECG or a non-sinus rhythm
Shortness of breath
SBP <90 mm Hg

Any single feature present indicates 
“high risk.”

OESIL Age >65 years
History of cardiovascular disease
Syncope without prodrome
Abnormal ECG

No features present indicates a 
mortality risk of 0% at 1 year.

EGSYS Abnormal ECG
Structural heart disease
Palpitations before syncope
Syncope during effort or supine position
Absence of autonomic prodrome (diaphoresis, etc.)
Absence of predisposing factor

Scoring: +4 to –1 per variable
A score of >3 indicates cardiac syncope.

CHF, congestive heart failure; ECG, electrocardiogram; EGSYS, Evaluation of Guidelines in Syncope Study; Hct, hematocrit; OESIL, Osservatorio 
Epidemiologico sulla Sincope nel Lazio; SBP, systolic blood pressure.

can be performed. Unlike the standard EPS, which tests for 
inducible VT, a procainamide infusion tests for morphologic 
changes in the ECG, particularly in leads V1 to V3. If catechol-
aminergic VT is suspected, an epinephrine infusion can be 
given. A positive result consists of polymorphic VT or nonsus-
tained VT.

T-Wave Alternans

This noninvasive method measures changes in the T wave on a 
beat-to-beat basis and is typically done on a treadmill, although 
some studies use Holter monitoring as well. Though a newer 
technology, it has consistently had a strong negative predictive 
value for sudden death and therefore is emerging as a useful tool 
to risk-stratify syncope patients with an otherwise negative 
workup for an arrhythmic etiology.

Risk Assessment

It is often difficult to distinguish a high-risk syncopal event or 
a high-risk patient from a low-risk one. Therefore, assessment 
scores have been created and validated for emergency depart-
ment use to help triage adult patients in terms of admission to 
the hospital (Table 31-2). The simple scoring methods do not 
supplant a detailed history but can help as an adjunct when 
deciding whether to perform studies on an inpatient or out-
patient basis.

ManagEMEnt and thERaPy

Optimum Treatment

Prescribing appropriate treatment depends on making the 
correct diagnosis. If a bradyarrhythmia is the culprit, then the 
patient’s condition probably warrants a pacemaker for rate 
support. If a malignant tachyarrhythmia is detected, the patient 
should receive a defibrillator for protection from sudden death. 

Treatment for NMS has evolved considerably and includes  
nonpharmacologic as well as pharmacologic aspects.

NONPHARMACOLOGIC TREATMENT FOR NMS

Many patients respond well to lifestyle modification training 
and maneuvers alone, so these should be tried as a first step. 
Many have significant anxiety about syncopal episodes, because 
they occur unpredictably and are often misinterpreted as a heart 
attack or stroke. Reassurance about the excellent prognosis of 
NMS is essential, because it is often a diagnosis that patients 
learn to live with rather than be cured of indefinitely. Education 
about pre-syncopal warning signs allows patients to use the 
prodrome to their advantage by using the symptoms as a signal 
to either lie down or sit down, if possible, rather than try to 
“walk it off.” This can abort the loss of consciousness if done 
quickly and prevent any physical harm that may occur from the 
fall. For those who cannot or do not want to lie down, various 
isometric exercises such as leg crossing, hand-grip exercises, and 
tensing the muscles in the legs or arms are effective. These 
counterpressure maneuvers increase systemic blood pressure 
and decrease venous pooling, which abort the impending syn-
copal event. Squatting also effectively increases venous pressure 
and prevents syncope.

To prevent episodes from initially occurring, volume expan-
sion with adequate fluid intake (1–2 L per morning depending 
on body size) and liberal salt intake are helpful and well toler-
ated. Compression stockings help avoid venous pooling in the 
lower extremities and are useful, particularly for those who 
stand for long periods. Tilt training is another safe and easy tool, 
wherein patients are instructed to stand against a wall for 30 
minutes or until symptoms appear on a routine, daily basis. 
However, this approach is not generally well accepted by 
patients, and the results of studies on tilt training have been 
inconsistent.

There had been hope for pacemaker therapy, because  
bradycardia and even asystole are common aspects of vasovagal 
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episodes. However, the five trials looking at the utility of pace-
makers to prevent syncopal episodes in this patient population 
have had mixed results. Although exceptions are certainly made 
for patients with a marked cardioinhibitory response, in general, 
pacemaker therapy is not considered an established treatment 
option in these patients.

PHARMACOLOGIC TREATMENT FOR NMS

Pharmacotherapy should be limited to those patients with vaso-
vagal syncope who do not respond to conservative measures. 
Studies on drug therapy have had conflicting results, making 
definitive treatment guidelines difficult. Once considered the 
mainstay of treatment, β-blocker therapy has been ineffective in 
randomized studies and is no longer the treatment of choice. 
Drugs such as fludrocortisone and midodrine are frequently 
used. These drugs boost blood pressure but have potential 
adverse side effects such as supine hypertension and require 
intermittent monitoring. In randomized studies, paroxetine and 
other serotonin reuptake inhibitors have significantly reduced 
syncopal episodes. Although the mechanism is not fully eluci-
dated, activated serotonin receptors are known to directly affect 
vagal tone, blood pressure, and heart rate in animal models. 
Despite paroxetine’s known side effects such as weight gain  
and insomnia, it tends to be relatively safe and well tolerated. 
Ultimately, each patient should be prescribed treatment on an 
individual basis. Many patients find effective treatment with 
small doses of a multidrug regimen rather than large doses of a 
single agent.

Avoiding Treatment Errors

The most common error made when evaluating syncope is 
ordering a battery of tests without taking a thorough history. 
The history and physical examination results should dictate 
which diagnostic tests are ordered. Not all patients with syncope 
require a brain MRI or an admission to the hospital for serial 
cardiac biomarker testing. Second, although it is important to 
determine the cause of the syncope, often this is impossible. 
Therefore, it is important to keep in mind that the purpose of 
the evaluation is not only to determine cause but to risk-stratify 
the patient. If the patient has been thoroughly evaluated and 
risk-stratified for dangerous arrhythmias or other life-threaten-
ing conditions, then the evaluation should be deemed worth-
while even if a definitive diagnosis was not obtained.

Special Patient Populations

PEDIATRIC PATIENTS

A careful personal and family history and ECG are essential 
elements that help distinguish benign vasovagal syncope from a 
potentially life-threatening etiology. Elements in the history 
that should serve as a warning include syncope due to a loud 
noise or fright, during exercise, or while supine, and a family 
history of sudden death in a young person. The rare but serious 
conditions include long QT syndrome, Brugada syndrome, 
hypertrophic cardiomyopathy, anomalous coronary arteries, 
and Wolff-Parkinson-White syndrome with atrial fibrillation. 

The frequency of vasovagal episodes in this age group often 
leads to dismissal of symptoms, despite the recently heightened 
awareness of potentially dangerous causes of syncope in 
children.

ELDERLY PATIENTS

Falls in the elderly are a common occurrence, and many falls 
are due to syncope. The ability to make the diagnosis is com-
plicated by poor patient recall of the event and the clinical 
overlap between mechanical falls, orthostatic intolerance, gen-
eralized dizziness, and vasovagal syncope. Both orthostatic 
hypotension and carotid sinus hypersensitivity are fairly common 
in the elderly. Syncope can also be the first manifestation of an 
autonomic disorder or central nervous system problem (see Fig. 
31-2). The elderly are more prone to cardiac causes of syncope 
with an increased prevalence of underlying heart disease but also 
more prone to vasovagal syncope due to reduced fluid intake 
and an age-related decline in baroreceptor and autonomic func-
tion. It is particularly important to be cognizant of polyphar-
macy in this at-risk group. Finally, consideration should be 
given to restricting driving privileges, particularly if the synco-
pal events are profound and without much warning.

FutuRE diRECtionS

Treatment strategies for cardiac arrhythmic syncope including 
device therapy and revascularization are effective and proven. 
However, our understanding of the pathophysiology of NMS 
and autonomic function in general is still incomplete. Further 
study in this area will lead the way for more effective treatment 
strategies. In addition, although the guidelines and suggested 
protocols in the literature aid with a systematic approach  
to evaluation of syncope patients, there will probably be 
increased use of specialized syncope units to further promote a 
cohesive, structured-care pathway that is also efficient and 
cost-effective.
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Cardiac Pacemakers and Defibrillators

Anil K. Gehi and J. Paul Mounsey

T echnological advances have improved the versatility and 
function of implantable devices used to treat bradyarrhyth-

mias and tachyarrhythmias. Surgical placement of pacemakers 
and implantable cardioverter defibrillators (ICDs) can be per-
formed on an outpatient basis, with low risk and minimal  
morbidity, allowing the majority of patients to return to full 
functional capacity quickly.

InDICatIons for ImPlantatIon of 
CarDIaC rhythm DevICes

Pacemakers

Pacemakers are indicated primarily for patients with symptom-
atic bradycardia or impressive bradycardia without symptom 
correlation but associated with a high risk of progression to a 
symptomatic bradycardia. Precise indications are published in 
the American College of Cardiology/American Heart Associa-
tion Guidelines for Pacemaker and ICD Implantation. Symp-
toms of bradycardia may be subtle (lightheadedness, fatigue) or 
dramatic (syncope or cardiac arrest). Bradycardia may be the 
result of dysfunction of the sinus node (referred to as sick sinus 
syndrome), the atrioventricular node, or the infranodal conduc-
tion system. Damage to the conduction system results most 
commonly from fibrosis or infarction but may be the result of 
numerous other etiologies, including infection, pharmacologic 
agents, electrolyte imbalance, or thyroid disease. It is imperative 
to rule out potentially reversible causes before committing a 
patient to device-based therapy (Fig. 32-1).

Biventricular Pacemakers

Based on the concept that “dyssynchronous” electrical activa-
tion of the left ventricle—as with bundle branch block or right 
ventricular pacing—translates to inefficiency of cardiac func-
tion, biventricular pacing has been developed as a therapeutic 
approach for patients with impaired cardiac function who would 
not otherwise have an indication for pacemaker therapy (Fig. 
32-2). For instance, in patients with left bundle branch block, 
delayed electrical activation of the lateral wall of the left ven-
tricle leads to delayed contraction of this same wall. In an indi-
vidual with normal systolic function, delayed contraction of the 
lateral wall of the left ventricle may not result in any significant 
decrement in function. However, in an individual with markedly 
impaired left ventricular function, the disorganized ventricular 
contraction resulting from left bundle branch block can result 
in decreased pumping efficiency and increased mitral regurgita-
tion. By positioning pacemaker leads in the right ventricle and 
in a lateral branch of the coronary sinus on the epicardium of 
the left ventricle, simultaneous pacing of both walls of the left 
ventricle improves ventricular synchrony. Biventricular pacing 
is indicated for treatment of patients with symptomatic heart 
failure (New York Heart Association class III or IV) despite 
optimal medical therapy, reduced left ventricular ejection 

fraction, and a widened QRS duration (either intrinsically or 
due to chronic need for pacing).

Implantable Cardioverter Defibrillators

ICDs are indicated for patients with structural heart disease at 
risk for malignant ventricular tachyarrhythmias (i.e., ventricular 
tachycardia or ventricular fibrillation). These indications include 
patients with a prior history of resuscitated cardiac arrest or 
ventricular tachycardia as well as patients at high risk for future 
cardiac arrest or ventricular tachyarrhythmia such as a patient 
with ischemic or nonischemic cardiomyopathy or hypertrophic 
cardiomyopathy. ICDs are also often indicated in patients with 
structurally normal hearts who are at high risk for ventricular 
tachyarrhythmias, such as those with inherited disorders of 
cardiac rhythm: long QT syndrome, Brugada syndrome, or  
catecholaminergic polymorphic ventricular tachycardia. The 
indications for ICD implantation, particularly in patients with 
tachyarrhythmias, are discussed in detail in this chapter and 
summarized in Figure 32-3.

PaCemaker teChnology

A pacemaker consists of a pulse generator and endocardial leads 
capable of sensing and pacing. The pulse generator contains a 
microprocessor to control the analysis of sensed activity and a 
battery. Pacemakers can be configured as single-chamber, dual-
chamber, or biventricular devices. To clarify pacemaker charac-
teristics, a four-letter code describes features specific to each 
pacemaker. The first letter or category of the code indicates the 
chamber(s) paced, and the second describes the chamber(s) 
sensed. Options for these positions include O (none), A (atrium), 
V (ventricle), and D (dual = A + V). The code’s third position 
indicates the response of the device to a sensed event; options 
include O (none), T (triggered), I (inhibited), and D (dual = 
triggered or inhibited). The fourth position indicates program-
mability of rate modulation. The letter R in this position indi-
cates that the device has an active responsive sensor. A pacemaker 
programmed to VOO mode, for example, paces the ventricle  
at a specified rate and will ignore any signal sensed by the ven-
tricular lead. A pacemaker programmed to VVI paces the ven-
tricle at a specified rate but will inhibit pacing in the ventricle 
if an appropriate signal is sensed by the ventricular lead. A 
pacemaker programmed to DDD mode paces both the atrium 
and ventricle, unless it is inhibited by an appropriate signal in 
the atrium or ventricle. Ventricular pacing can also be triggered 
after atrial sensing or pacing. Turning on the rate sensor with 
any mode of pacing allows the specified rate to increase in 
response to exercise that is detected by a sensor contained in the 
pacemaker (most commonly an accelerometer or a respiration 
sensor). In a patient with chronotropic incompetence, the pacing 
rate can adjust as necessary to correspond with and compensate 
for the patient’s activity.
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figure 32-1 Algorithm detailing evaluation of patients with bradycardia and indications for pacemaker implantation. 
In general, pacemaker implantation is indicated for significant bradycardia associated with symptoms.  
AV, atrioventricular.
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DefIbrIllator teChnology

As with a pacemaker, an ICD consists of a pulse generator and 
endocardial leads. In addition, an ICD requires high-voltage 
defibrillator coils, which are integrated into the right ventricular 
endocardial lead. An ICD pulse generator contains not only a 
microprocessor and a battery but also a high-voltage capacitor. 
Besides being capable of pacing for bradycardia when necessary, 
ICDs employ therapies for detected ventricular tachyarrhyth-
mias. An ICD considers an episode of tachycardia as a potential 
malignant ventricular arrhythmia first based on a prepro-
grammed rate cutoff. Beyond this, an ICD can distinguish a 
tachyarrhythmia as ventricular in origin based on the associated 
activity in the atrium, the rapidity of onset (to distinguish from 
sinus tachycardia), the regularity of ventricular activity (to dis-
tinguish from atrial fibrillation with a rapid ventricular response), 
and the morphology of the ventricular signal. If diagnosed as a 
ventricular tachyarrhythmia, the ICD may employ therapies 
such as antitachyarrhythmic pacing, low-energy cardioversion, 
or high-energy defibrillation (Fig. 32-4). These therapies can be 
tailored to tachycardias in multiple rate tiers, allowing for  
different treatments for different types of tachycardia. This 
multi-tiered therapy helps reduce the need for high-energy defi-
brillation without compromising ICD efficacy.

DevICe ImPlantatIon

Endocardial leads are introduced via access through the subcla-
vian, axillary, or cephalic vein, typically on the left side. Epicar-
dial lead placement may be required (if endocardial implantation 
is not feasible). Epicardial lead placement requires a more inva-
sive surgical approach and is therefore used only when percuta-
neous endocardial lead placement is not possible or if a patient 
needing pacemaker or ICD placement is undergoing an open 
cardiac surgical procedure.

Endocardial leads are positioned and secured in the right 
atrium, right ventricle, and, in the case of biventricular pacing 
devices, a branch of the coronary sinus, using fluoroscopy. A 
pacemaker lead typically has two electrodes (bipolar) in contact 
with the atrial or ventricular myocardium (Fig. 32-5A). A biven-
tricular pacemaker has an additional lead on the epicardium  
of the lateral left ventricle via the coronary sinus (Fig. 32-5B). 
Impulses delivered by the pulse generator through these elec-
trodes pace the heart. An ICD lead’s additional high-voltage 
coils act as shocking electrodes in conjunction with the  
ICD pulse generator itself (Fig. 32-6). Once positioned, the 
leads are inserted into the header of the pulse generator,  
which is implanted into the subcutaneous or submuscular region 
below the clavicle. The entire procedure can generally be 
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figure 32-2 Benefit of biventricular pacing. AV, atrioventricular.
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In patients with conduction block (e.g., left bundle branch block), there
is delayed lateral wall electrical activation and mechanical contraction
leading to decreased pumping efficiency. By simultaneously pacing
the septal and lateral walls of the left ventricle with right ventricular
and left ventricular leads (via the coronary sinus), the ventricular walls
are “resynchronized,” thereby improving pumping efficiency.

Stimulation therapy

approximately 6 months in patients who have had an ICD 
placed for documented sustained ventricular tachycardia or  
ventricular fibrillation. Occasionally, it may be reasonable to 
shorten the driving restrictions. Patients who undergo ICD 
implantation for primary prevention are generally not restricted 
from driving. It is recommended that commercial driving  
be permanently prohibited. Pacemaker patients are followed 
trans-telephonically every 3 months, with clinic evaluations  
for complete battery voltage, and lead testing every 12 months. 
ICD patients may also be evaluated remotely with clinic  
evaluation approximately every 6 months for device testing and 
evaluation of electrograms recorded by the device during a 
tachyarrhythmia.

The management of a single ICD shock does not necessarily 
require an emergent office or emergency department visit. 
Although an ICD shock can be an anxiety-provoking experi-
ence, occasional shocks are to be expected. In the event of a 
single shock, a patient who is otherwise well should be reassured 
and referred for evaluation within the week. However, if the 
shock is associated with worrisome symptoms such as syncope, 
shortness of breath, persistent palpitations, or chest pain, or if 
a patient experiences multiple ICD shocks over a short period 
of time, an emergency department visit is required. In the event 
of an ICD shock, the appropriateness of ICD therapy should be 
determined by evaluation of stored recordings in the ICD. Any 
potentially reversible cause should be treated. Otherwise, man-
agement often requires optimization of ICD programming, the 
use of antiarrhythmic agents, or catheter ablation.

eleCtromagnetIC InterferenCe

Electromagnetic interference occurs when a source emits elec-
tromagnetic waves that interfere with the proper function of the 
device. It is important for individuals with pacemakers or ICDs 
to avoid any sources of electromagnetic interference. That said, 
with recent advances in pacemaker and ICD technology there 
are relatively few devices that interfere with their function. 
There is no restriction on the use of household items such as 
microwaves, televisions, radios, or electric blankets, since these 
are not sources of electromagnetic interference. Although 
passage through a metal detector will not harm ICD or pace-
maker function, it is recommended that patients with these 
devices not be in close contact with handheld metal detectors 
or scanning “wands” containing magnets. Instead, patients are 
advised to present their device identification card to security 
personnel and request a hand search. Cellular telephone use is 
not prohibited, although patients are advised to use the phone 
on the contralateral ear (>10 cm from the device) and not to 
carry the phone in the breast pocket on top of the implanted 
device. Electronic article surveillance systems are not likely to 
cause a negative interaction with an implanted device as long  
as the patient is not standing close to the scanning system for  
a prolonged period of time. Patients are instructed to walk 
normally through such devices.

Medical sources of potential electromagnetic interference 
include MRI scanners, radiation therapy, transthoracic cardio-
version, and electrocautery. The effect of a strong magnetic field 
differs for pacemakers and ICDs: pacemaker exposure to an 
electromagnetic field usually results in asynchronous pacing 

accomplished within 1 to 2 hours, depending on the complexity 
of the device, under conscious sedation or general anesthesia.

PostProCeDure Care anD  
long-term follow-uP

Postoperatively, patients are instructed to keep the surgical inci-
sion clean and dry for approximately 10 days and to notify their 
provider of any evidence of infection. They are asked to limit 
ipsilateral arm use to below shoulder level and to avoid heavy 
lifting for a few weeks to prevent lead dislodgment and promote 
wound healing. Driving restrictions are typically imposed for 
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figure 32-3 Algorithm detailing evaluation of patients with sudden cardiac death and/or tachyarrhythmias and indications for 
implantable cardiac defibrillator (ICD) implantation. In general, ICD implantation is indicated for secondary prophylaxis 
in survivors of cardiac arrest or hemodynamically significant sustained ventricular tachycardia (VT). ICD is indicated for 
primary prophylaxis in patients with cardiomyopathy or channelopathy of various etiologies and risk factors for 
sudden death. EF, ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association (class); RV, right 
ventricular; VF, ventricular fibrillation.
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figure 32-4 Therapy for ventricular tachycardia (VT). VF, ventricular fibrillation.

Antitachycardia pacing (ATP)

In the situation of VT, burst rapid ventricular pacing at a rate faster
than the rate of the VT (known as antitachycardia pacing) will
often terminate VT. In the situation of VF, a high-voltage
defibrillation shock is delivered through defibrillation coils
positioned on the right ventricular lead to terminate the arrhythmia.

VT

VF

Defibrillation shock

(i.e., VOO); exposure of an ICD can result in “blinding” of  
the device, potentially resulting in inappropriate withholding of 
therapy for tachyarrhythmias. MRI scans are generally contra-
indicated in patients with implanted devices. Direct radiation 
(i.e., radiation therapy) that will be focused on the area where 
an implanted pacemaker or ICD is present is not recommended; 
if necessary, the device should be moved to the opposite  
side and shielded from the direct beam. Implanted ICDs and 
pacemakers should be evaluated before and after electrical car-
dioversion, and the external electrodes used for cardioversion 
(anterior-posterior position) should be positioned as far as pos-
sible (>5 cm) from the implanted device. Surgical electrocautery 
presents unique concerns for the ICD patient, because electrical 
output from the cautery can be mistakenly detected by the ICD, 
resulting in inappropriate delivery of therapy during a normal 
rhythm. Hence, the detection function of the ICD should be 
inactivated before any surgery or procedure during which  
electrocautery may be used. Electrocautery may also interfere 
with pacemaker sensing and inhibit output. In the pacemaker-
dependent patient, the pacemaker should be programmed to 
asynchronous mode; otherwise, the anesthesiologist may need  
to apply a magnet to the pacemaker to provide asynchronous 

pacing. In addition, it is recommended that the rate-responsive 
feature be disabled. In a patient who is not pacemaker- 
dependent, no reprogramming aside from disabling the 
rate-responsive feature is necessary. Electrocautery in close 
proximity to an older pacemaker may render it nonoperational. 
It is recommended that postoperative ECGs, with and without 
magnet application, be performed after the use of electrocautery 
to confirm proper pacemaker function.

future DIreCtIons

Advances in pacemaker and ICD technology have substantially 
improved survival and quality of life for patients with cardiac 
arrhythmias. In the future, indications for ICD therapy will 
probably expand as proper identification of those patients at  
risk for future ventricular tachyarrhythmic events improves  
(see Fig. 32-3). In addition, enhanced functionality is continu-
ously being added to modern devices. Advanced patient moni-
toring—particularly when integrated into telemetric systems 
utilizing the Internet—will allow for greatly improved care of 
the cardiac patient.
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The pulse generator is placed either into
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region of the muscle pectoralis major

The leads connecting the pulse generator to the endocardium can be different types: unipolar or bipolar and of active fixation or passive fixation.
The unipolar system has a single electrode (cathode, negative pole) in contact with the endocardium, and the anode is the pulse generator itself.
The bipolar system lead has both a cathode and an anode at the tip of the same lead. Passive fixation leads have tines, barbs that anchor the lead
to the endocardial trabecular muscle of the chamber in which it is implanted. Active fixation leads have a corkscrew-type device or helix that is
placed into the myocardium. Both types irritate the myocardium, causing inflammatory reaction and cellular growth around the lead. To minimize
the inflammatory reaction, most leads have steroid-eluting tips.  The coronary sinus lead allows for “resynchronization” of disorganized ventricular
contraction in selected patients with impaired cardiac function and conduction block.
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figure 32-5 Implantable cardiac pacemaker.
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figure 32-6 Implantable cardiac defibrillator (ICD).

Due to the number of functions the ICD can perform (cardioverter, defibrillator, and 
pacemaker), the ICD is usually slightly larger than a pacemaker. The surface of the 
ICD functions as one of the electrodes of the defibrillation system.

Passive fixation lead

Active fixation lead

Defibrillation coils

Lead in the right atrium/auricle

ICD leads have a tip electrode that can sense the heart rate
and deliver an electrical stimulus to pace the heart. The
defibrillation coils that are part of ICD leads are not found
on standard pacemaker leads. At least one coil (in the right
ventricle) is necessary for defibrillation. Some models have
a second defibrillation coil, which is positioned in the
superior vena cava/right atrium.

Lead with two defibrillation coils. The distal coil is in the right ventricle,
and the proximal one is in the superior vena cava/right atrial position.

In all aspects, the surgical procedure for ICD implantation is
very similar to that of cardiac pacemaker implantation. The
venous access and the
“pocket” for the pulse
generator in the subcutaneous
region above the prepectoralis
fascia or in the submuscular
region below the midclavicle
are the same as those used
for pacemaker implants.
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Catheter Ablation of Cardiac 
Arrhythmias

Fong T. Leong and J. Paul Mounsey

O ne of the most important advances in cardiac electrophysi-
ology over the last 30 years has been the introduction of 

fluoroscopically guided, catheter-based methods to cure or pal-
liate arrhythmias. Symptomatic rhythm disturbances were for-
merly treated with potentially toxic drugs, open heart surgery, 
or a combination of the two. Catheter ablation has allowed  
the targeting and selective destruction of areas of the heart 
strategically important for the genesis or propagation of arrhyth-
mias, using what is essentially a thin, flexible catheter inserted 
percutaneously and positioned under fluoroscopic guidance  
and electrophysiologic (EP) mapping. Today, this therapeutic 
modality has replaced cardiac surgery as the treatment of  
choice for almost all ventricular and supraventricular tachycar-
dias (SVTs), particularly if antiarrhythmic drugs have been 
ineffective.

EnErgy SourCES for  
CAthEtEr AblAtion

Initially, direct current (DC) shocks were delivered through the 
ablating catheter to achieve destruction of endocardial tissue. 
However, the effects of DC shock were often traumatic, unpre-
dictable, and patchy. Blood surrounding the catheter tip could 
vaporize during the procedure and cause marked local injury to 
the myocardium. Not infrequently, the catheter tip also disin-
tegrated. It then became apparent that radiofrequency (RF) 
energy, a type of alternating current (AC) already in use for 
electrocautery, could be modulated and applied through the 
catheter to create discrete and well-defined lesions. Subsequent 
experience showed that as long as tissue temperatures did not 
exceed 100°C, RF energy would not cause barotrauma. Further-
more, RF delivery is relatively painless and can be titrated to 
achieve the desired degree of tissue damage. Minimal muscle or 
nerve stimulation also meant that ablations could be performed 
without general anesthesia. Because of its safety and efficacy 
(Table 33-1), RF energy has become the preferred and most 
widely delivered form of energy for arrhythmia ablation.

In contrast to the household AC mains of 50 or 60 Hz, the 
RF current used for arrhythmia ablation alternates its polarity 
at between 300 and 1000 kHz, a frequency band high enough 
to prevent the induction of ventricular fibrillation when applied 
to the heart. Although RF energy works by thermal destruction 
of arrhythmogenic myocardium or abnormal conducting tissue, 
this heat does not arise from searing of the catheter tip. Rather, 
temperature builds up at the catheter tip–tissue interface, the 
point of highest resistance in the AC circuit. When resistive 
heating of cardiomyocytes in contact with the catheter tip 
exceeds 50°C for at least 10 seconds, coagulative necrosis occurs. 
Provided adequate tissue contact is maintained, the lesions 
created by RF energy are homogeneous and hemispheric in 
profile (roughly 3–5 mm in radius and 2–3 mm in depth). When 

cardiac tissue with intrinsic automaticity (e.g., a clump of cells 
driving an automatic tachycardia) is exposed to RF-induced 
heating, acceleration of the arrhythmia is seen. Conversely, RF 
treatment of a critical isthmus in a reentrant arrhythmia causes 
slowing or termination of the tachycardia.

Other types of transcatheter energy already in clinical use or 
currently under investigation include cryoablation (freezing), 
focused ultrasound, microwave, laser, and photocoagulation. RF 
ablation, rather than these less commonly used approaches, is 
the focus of this chapter.

rAdiofrEquEnCy CAthEtEr 
AblAtion of nodAl rEEntrAnt 
tAChyCArdiAS

Atrioventricular nodal reentrant tachycardia (AVNRT) is the 
most common type of paroxysmal SVT (Chapter 27). Although 
the exact nature of the tachycardia circuit remains uncertain, it 
is thought that the atrioventricular (AV) node and at least two 
discrete atrio-nodal tracts of different conduction velocities and 
refractoriness are involved in this arrhythmia. The most common 
type of AVNRT is referred to as slow-fast AVNRT. In individu-
als with slow-fast AVNRT, the “slow” atrio-nodal pathway, 
which is located in the inferior portion of the triangle of Koch 
(Fig. 33-1) between the coronary sinus (CS) ostium and tricus-
pid annulus, forms the antegrade limb of the tachycardia circuit, 
while the “fast” atrio-nodal pathway—located superior to and 
behind the tendon of Todaro, level with the apex of the triangle 
of Koch—conducts retrogradely to the atrium. Other forms of 
AVNRT have been described, such as fast-slow AVNRT, a type 
that propagates in a direction opposite to that just mentioned, 
and a third type that utilizes two slow pathways (slow-slow 
AVNRT).

The decision to use RF catheter ablation (RFCA) to treat 
AVNRT is a matter of clinical judgment and patient preference. 
If the tachycardia occurs frequently or is not well tolerated 
(either physically or psychologically), or if the patient is disin-
clined to try antiarrhythmic drugs, then RFCA may be recom-
mended as first-line therapy, particularly given the improvements 
in RFCA in recent years. Enthusiasm for RFCA was initially 
limited, because early attempts to break the reentrant circuit by 
ablating the fast pathway—which lies in close proximity to the 
compact AV node and His bundle—were accompanied by an 
unacceptably high incidence of heart block (up to 20%). Fol-
lowing these early studies it was found that ablation or modifica-
tion of the slow pathway (typically located further away from 
the AV node and His bundle) was equally effective and much 
safer. Mapping of the slow pathway is achieved by positioning 
the catheter within the inferior aspect of the triangle of Koch 
(see Fig. 33-1) and manipulating it until a delayed, multicom-
ponent atrial potential (thought to represent slow-pathway 
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table 33-1 Outcomes of Catheter-Delivered Radiofrequency Ablation

type of Arrhythmia Success rate (%) Complications (rate) 

AVNRT >95 AV block (1%), pericarditis or cardiac tamponade (0.3%)
AVRT >95 (left-sided AP)

80 (inferoseptal AP)
>95 (right-sided AP)
85 (superoseptal AP)

AV block (<1%), cardiac tamponade (0.1% to 1.1%), pericarditis 
(0.2%), stroke (0.15%), coronary artery dissection (rare)

AV node ablation 98–100 Sudden death (rare)
Atrial flutter 85–95 (typical flutter)

80–90 (atypical flutter)
AV block (rare), stroke (rare)

Focal atrial tachycardia 86 AV block, cardiac tamponade, stroke, phrenic nerve damage 
(collectively 1%–2%)

Atrial fibrillation 65–95 (for paroxysmal AF)*
40–80 (for persistent AF)*

Stroke (0.1% to 5%), cardiac tamponade (1%), LA flutter (up to 30%), 
phrenic nerve damage (<0.5%), PV stenosis (uncommon), 
atrioesophageal fistula (rare)

Idiopathic VT 85–100 Cardiac tamponade (Rare)
Ischemic VT 54–81 MI, stroke, arterial complications, death (1%–2%)

AF, atrial fibrillation; AP, accessory pathway; AV, atrioventricular; AVRT, atrioventricular reentrant tachycardia; AVNRT, atrioventricular nodal 
reentrant tachycardia; LA, left atrial; MI, myocardial infarction; PV, pulmonary vein; VT, ventricular tachycardia.

* Reported success rates vary widely, depending on definition of “success,” number of repeat ablations, quality of postoperative 
surveillance, and so forth.

figure 33-1 Atrioventricular nodal reentry tachycardia.
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depolarization) is recorded at the catheter tip. Alternatively, 
fluoroscopy and anatomic landmarks can be used to localize a 
specific site where the local ventricular deflection is much larger 
than the atrial signal. RF energy is then applied to this site. The 
goal of this overall strategy is to initiate RF ablation at the more 
distal points in the slow pathway, allowing for subsequent  
RF applications further superiorly and proximally if the initial 
therapy is unsuccessful. When necessary, the two methods can 
be combined to locate more precisely sites amenable to RFCA. 
When RF energy is applied to the correct site, a transient, 
accelerated junctional tachycardia is nearly always observed. 
However, this finding is not specific. Up to 65% of therapeuti-
cally ineffective RF applications are also associated with junc-
tional tachycardias. Nonetheless, the absence of a junctional 
response after 10 to 15 seconds of heating should prompt dis-
continuation of RF delivery and movement of the ablating cath-
eter to a different location.

For typical AVNRT, slow-pathway modification delivers a 
cure rate of more than 95% (see Table 33-1). There remains a 
small but finite risk of inadvertent AV node damage during the 
procedure, a complication that may require treatment with per-
manent cardiac pacing.

CAthEtEr AblAtion of 
AtriovEntriCulAr bypASS trACtS

The electrophysiology of atrioventricular reentrant tachycardia 
(AVRT) is described in Chapter 27. For this discussion, it is 
worth recalling that sustenance of this type of SVT depends 
upon an endocardially located extranodal bypass tract, com-
posed of a tiny band of myocardial tissue connecting the atrium 
to the ventricle. If this accessory pathway (AP) is capable  
of high-rate antegrade conduction, then the coincidental devel-
opment of atrial fibrillation (AF) in these patients may lead to 
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very fast ventricular rates followed by ventricular tachycardia–
ventricular fibrillation and sudden death. Overall, this risk  
is very small (0.05% to 0.5% per annum), even though AF 
occurs in one third of the patient population with Wolff- 
Parkinson-White (WPW) syndrome. Nevertheless, for patients 
with WPW syndrome, drug-refractory AVRT, or those  
wanting definitive therapy, RFCA, which is safe and potentially 
curative in this situation, should be considered first-line treat-
ment. Whether asymptomatic WPW should be routinely 
ablated remains controversial. It should be noted that some 
individuals, especially those with Ebstein’s anomaly, have mul-
tiple accessory pathways. Others have bypass tracts that are 
either epicardial in location (e.g., connecting the atrial append-
age to the ventricle) or have uncommon connections (e.g. 
Mahaim fibers, fasciculoventricular tracts). For a description of 
RFCA in these situations the reader is referred to more com-
prehensive texts.

Although the typical AVRT circuit consists of the atria, AV 
node, His-Purkinje system, ventricles, and the AP, it is the latter 
that is sought and destroyed during RFCA. Between 50% and 
60% of AV APs are located in the free wall or nonseptal aspect 
of the mitral annulus. The remainder are distributed in the 
inferoseptal space (20% to 30%), along the free wall of the 
tricuspid annulus (15% to 20%), and in the superior and mid-
septal area, close to the AV node (<10%) (Fig. 33-2). The AP 
location may be deduced with surprising accuracy from the 
morphology of preexcited QRS complexes on the 12-lead ECG. 
Definitive localization of the AP, however, requires the use of 
intracardiac catheters. With electrodes positioned in the right 
ventricle, CS, His bundle, and high right atrium, it is possible 
to define the tachycardia mechanism, establish the relevance of 
the AP to that tachycardia, determine its location, study its 
electrophysiologic properties, and then come to a decision as  
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figure 33-2 Accessory pathways (APs) and atrioventricular reentrant tachycardia.

to whether the AP should be eradicated. An AP with slow  
conduction located close to the His bundle in a young patient 
with asymptomatic WPW syndrome, for example, can be safely 
left alone.

Left-sided APs may be reached either retrogradely (by 
extending the mapping-ablating catheter from a femoral  
artery up the aorta, down the aortic valve, and into the left 
ventricle), or with a transseptal puncture (crossing the fossa 
ovalis from the right atrium and then into the left ventricle). 
Once in the appropriate chamber, the AP’s precise location  
can be mapped by a variety of means, depending on whether the 
AP is overt (i.e., conducts antegradely and has manifest delta 
waves during sinus rhythm) or concealed (i.e., is only capable  
of retrograde conduction). In the former scenario, the aim is  
to find a spot on the AV groove where the local ventricular 
potential precedes the onset of the delta wave by the greatest 
possible length of time, either during maximally preexcited  
sinus rhythm or with atrial pacing. Often this spot is also where 
the shortest annular AV time is observed. In the latter situation, 
the location of the concealed AP is demarcated by the shortest 
local ventriculoatrial time (usually ≤60 milliseconds) during 
orthodromic tachycardia, or during ventricular pacing. Some-
times a sharp AP potential may be recorded during sinus rhythm, 
indicating an appropriate site for ablation. During RF applica-
tion, successful extirpation of the AP may be inferred from (1) 
disappearance of the delta wave (see Fig. 33-2), (2) termination 
of AVRT during RF energy delivery, or (3) the sudden appear-
ance of crisp concentric-nodal conduction.

The acute success rates for RFCA of APs exceed 95% overall, 
with some variation depending on the insertion site of the 
bypass tract (see Table 33-1). Clinical recurrences necessitating 
repeat ablation occur in 5% to 10% of cases. The overall  
complication rate is approximately 4.4%.
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CAthEtEr AblAtion of 
MACrorEEntrAnt And foCAl  
AtriAl tAChyCArdiAS

From a mechanistic standpoint, atrial tachycardias (ATs) may 
be segregated into those that are due to macroreentry (“atrial 
flutter”) and those that are driven by one or more rapidly dis-
charging foci (“focal AT”). Atrial flutters are in turn classified 
into those that use the cavotricuspid isthmus (CTI) as an  
obligate part of the tachycardia circuit and those that do not. 
The typical CTI-dependent counterclockwise atrial flutter (the 
direction of clocking describes the pattern of right atrial activa-
tion when the heart is viewed from its apex, looking up at the 
tricuspid valve) has a characteristic ECG (Fig. 33-3). Although 
this arrhythmia is exquisitely sensitive to external DC shocks, 
antiarrhythmic drugs are generally ineffective in preventing 
recurrence of CTI-dependent counterclockwise atrial flutter. 
Consequently, many regard RFCA as first-line treatment for 
this arrhythmia. The clockwise CTI-dependent atrial flutter is 
seen nine times less frequently than its counterclockwise cousin. 
It can be ablated using the same method. Of patients with typical 
atrial flutter, approximately 30% have concomitant AF. Abla-
tion of the atrial flutter does not cure the AF.

In the second type of atrial flutter (also called atypical atrial 
flutter), the reentrant circuit is usually anatomically related to 
some atrial scar, the latter either arising de novo or as a resid-
uum of previous cardiac surgery or AF ablation. In this situation 
the ECG may not have the typical sawtooth pattern, and the 
CTI is usually not essential for the maintenance of the arrhyth-
mia. Some of these atypical atrial flutters are confined to the left 
atrium or interatrial septum, or even course in a figure-of-eight 
pattern.

Focal ATs occur whether or not structural atrial abnormali-
ties exist. Unlike atypical atrial flutter, in which the ECG has 
limited resolution for circuit localization, the arrhythmogenic 
locus in focal AT can be inferred with reasonable accuracy from 
an analysis of the surface P wave. Furthermore, these automatic 
foci are distributed in a characteristic fashion. In the right 
atrium, for example, the “hot spots” tend to cluster around the 
crista terminalis and tricuspid annulus; in the left atrium, the 
pulmonary veins (PVs) are the centers of electrical unrest.

Regardless of the underlying mechanism, all types of AT are 
amenable to catheter ablation.

RFCA of Typical Atrial Flutter

When ECG documentation of typical atrial flutter is available, 
laboratory confirmation of CTI involvement can be obtained 
either from entrainment pacing during tachycardia or by dem-
onstrating isthmus conduction during sinus rhythm. The abla-
tion strategy with this arrhythmia is to create a complete line  
of RF lesions across the CTI and so achieve bidirectional con-
duction block across that corridor of tissue. In experienced 
centers, RFCA of typical atrial flutter is associated with an  
acute success rate exceeding 90%. During the first year after 
RFCA, approximately 10% of patients with initially verified 
bidirectional isthmus block experience recurrent atrial flutter, 
and in 95% of these patients a second ablation is successful. 
With a single procedure, 73% of patients will remain free of 

typical atrial flutter at 5 years. Procedure-related complications 
are rare.

RFCA of Atypical Atrial Flutter

Targets for ablation in atypical macroreentrant atrial flutter 
were formerly identified using pacing maneuvers only. Although 
reliable, this method had drawbacks, being time-consuming  
and prone to cause termination of tachycardia. Newly  
available three-dimensional electroanatomic mapping systems 
now facilitate the study and treatment of these SVTs. In fact, 
these systems work equally well for focal AT (see below). Briefly,  
for an atypical atrial flutter, the aim is to identify, during  
tachycardia, the part of the atrium that has slow activation 
during mid-diastole, and then confirm the relevance of that 
location to the tachycardia by entrainment pacing. This site 
represents the critical isthmus of the flutter circuit, and the  
local potentials recorded in this zone are often broad and  
fractionated. To prevent far-field “noise” (T waves and QRS 
complexes) from interfering with signal analysis, adenosine  
or verapamil is sometimes given to produce AV block (and a 
clean train of flutter waves). The slow isthmus is then destroyed 
with RF energy. Often it is necessary to create a supplementary 
line or lines of RF lesions to transect this and other parts of  
the atria that are critical or potentially critical for tachycardia 
conduction. Such lines are usually extended from an area of 
scarring to another electrically inert region. Initial success  
rates with RFCA are high (see Table 33-1), but recurrences 
are observed in up to 20% of cases, mainly because these patients 
have extensive atrial disease with islands of scar tissue that  
can facilitate further reentry. Those who relapse are either  
palliated with antiarrhythmic drugs or treated with a further 
ablation attempt.

RFCA of Focal Atrial Tachycardia

Focal ATs are usually mapped during tachycardia, with atten-
tion initially directed at the anatomic location indicated by the 
P-wave morphology of the tachycardia. The means by which 
these arrhythmogenic foci are identified has evolved from 
single- or dual-catheter methods (probing different parts of the 
atria with multipolar electrodes) to the use of complex noncon-
tact mapping systems. Regardless of technique, the aim remains 
the same: to pinpoint, during tachycardia or atrial ectopy, a site 
where local activation precedes the onset of the surface P wave 
by the greatest possible length of time (typically 30–100 milli-
seconds). This spot is then destroyed by RFCA. As with atypical 
atrial flutter, success rates for catheter ablation of focal AT are 
high; potential complications are listed in Table 33-1.

CAthEtEr AblAtion of  
AtriAl fibrillAtion

There is agreement that recurrent symptomatic, drug- 
refractory AF (whether paroxysmal or persistent) is an indica-
tion for catheter ablation. In symptomatic patients with little  
or no left atrial (LA) enlargement, catheter ablation is also  
a reasonable alternative to medication to prevent recurrent  
AF. Nonetheless, there remains much uncertainty on how  
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figure 33-3 Atrial flutter, atrial tachycardia, and atrial fibrillation. CTI, cavotricuspid isthmus; ECG, electrocardiogram; 
PV, pulmonary vein; RF, radiofrequency.
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best to ablate this arrhythmia. Because this is a rapidly  
expanding and complicated field, the discussion that follows is 
necessarily limited to key observations from this arena of 
electrophysiology.

In general terms, the number and configuration of RF  
lesions delivered to the atria vary according to the type of AF 
(Chapter 28). In paroxysmal AF, complete electrical isolation of 
all PVs is usually sufficient to achieve clinical success. Many 
studies have shown that the most common sites of origin of AF 
involve cells and tissue in the proximal portion of the PVs. This 
is particularly the case in patients with paroxysmal AF. In per-
sistent AF, PV isolation is often combined with (1) the ablation 
of sites bearing complex fractionated atrial electrograms and  
(2) the application of additional atrial lesion lines. The latter 
may include any combination of the following: a “roofline” to 
connect the two upper PVs, a line to transect the mitral isthmus, 
linear lesions to isolate the other thoracic veins (namely, the CS, 
the vein of Marshall—a tributary of the CS—and the superior 
vena cava), and a conventional CTI line. Some groups also 
advocate destroying the ganglionated plexus (part of the cardiac 
autonomic nervous system) that are embedded in periatrial fat 
pads outside the heart (this destruction achieved through trans-
mural RF heating). The foundation of any AF ablation tech-
nique, PV isolation is described briefly.

Electrical Isolation of the PVs by RFCA

The goal of PV isolation is to eradicate or dissociate PV poten-
tials from LA activation, thereby eliminating an important 
fibrillatory trigger (see Chapter 28). For this operation, access 
to the LA is gained via transseptal puncture, with full systemic 
anticoagulation applied beyond (and sometimes before) that 
point. In the “conventional” approach, the thin muscular sleeves 
extending from the LA into the PVs are destroyed at the LA-PV 
junction using RFCA. Because of the risk of PV stenosis if too 
much RF energy is delivered inside a vein, there is now a move 
to place wide encircling RF lesions on the PV antrum, a short 
distance (0.5–1 cm) away from the ostia of those vessels (see Fig. 
33-3). Limited data suggest that taking the antral approach may 
also beneficially modulate arrhythmogenic autonomic inputs 
into the LA, since the ganglia-containing fat pads are often 
superficial to the PV antra. Commonly, a separate deflectable 
circular mapping catheter is used to interrogate or record PV 
activity, and “touch-up” ablations are applied to spots where PV 
potentials persist after completion of the lesion lines. Note that 
these lesion lines are applied in a point-by-point fashion and not 
by continuous dragging of the ablator tip.

Success and Complications of AF Ablation

Depending on the duration of follow-up, thoroughness of 
rhythm monitoring, and whether antiarrhythmic drugs are used 
during the postoperative period, success rates for RFCA of  
paroxysmal AF range from 65% to 95%. For persistent AF the 
corresponding figures are 40% to 80% (the results from the 
higher end of this range are usually obtained after two separate 
attempts at RFCA). Robust data on the long-term outcomes  
of AF ablation are not yet available, and it remains uncertain  
if apparently “cured” AF may yet relapse years later. Even  

with meticulous anticoagulation, the risk of procedure-related  
cerebral embolism is approximately 2%. The other notable 
complications associated with RFCA of AF are cardiac perfora-
tion, LA flutter (with reentry arising from gaps in a lesion line), 
PV stenosis (typically presents with exertional dyspnea 3 months 
after PV isolation), and atrioesophageal fistulation (presents 
with multiple gaseous/septic emboli and signs of endocarditis  
3 to 5 days after ablation; mortality for this complication  
exceeds 70%).

AV Node Ablation for Rate Control in 
Patients with Refractory AF

An entirely different approach for treatment of patients with AF 
who have very rapid ventricular rates is to perform catheter 
ablation of the AV node, coupled with permanent pacemaker 
placement. This approach is a dependable method for achieving 
rate control of AF (and other ATs), especially if DC conversion 
or rate-slowing medication has been ineffective or not well 
tolerated and if the patient is not a candidate for AF ablation 
for medical or preference reasons. AV node ablation palliates 
symptoms of tachycardia but does not address the underlying 
rhythm disturbance (i.e., the AF or other atrial tachyarrhyth-
mias). Because complete heart block is the desired end point of 
the procedure, permanent ventricular pacing is necessary in 
these patients. Since the AF has not been eliminated, most of 
these patients require long-term anticoagulation.

CAthEtEr AblAtion of  
vEntriCulAr tAChyCArdiA

VTs can be segregated into three general categories: (1) those 
that are “focal” in mechanism and have arrhythmogenic sub-
strates near or above the ventricular valves (e.g., right or left 
ventricular outflow tract tachycardia); (2) those that are reen-
trant in nature, utilizing the native conduction system as part of 
the tachycardia circuit (e.g., bundle-branch reentry and fascicu-
lar VT); and (3) those that are scar-related, occurring in patients 
with structural or ischemic heart disease. In groups 1 and 
2—sometimes referred to as “idiopathic” VTs—RFCA is poten-
tially curative and is indicated in symptomatic patients in whom 
antiarrhythmic drugs have been tried and failed (because of 
toxicity, lack of efficacy, or both) and/or for whom an implant-
able cardiac defibrillator is not an optimal option. RFCA is also 
indicated in patients who prefer not to be on medication. In 
group 3, catheter ablation is often palliative rather than curative 
and is usually done when all possible combinations of drug treat-
ment have been exhausted. At one end of this spectrum is the 
outpatient with monomorphic VT who is experiencing frequent 
appropriate therapy from his or her implantable cardiac defibril-
lator despite optimal device programming and medication. At 
the other end of the spectrum is the patient who is transferred 
to the tertiary center in a hemodynamically tenuous state with 
VT storm despite aggressive intravenous antiarrhythmic medi-
cation. Before considering RFCA it is relevant to ask if the 
underlying cause of the VT is fixed or reversible. VTs arising 
from electrolyte disturbance or myocarditis should not be sub-
jected to RFCA. Sometimes simply restoring coronary flow to 
an ischemic myocardial territory may remedy or control an 
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otherwise troublesome ventricular arrhythmia. As with SVTs, a 
properly recorded 12-lead ECG not only establishes the diag-
nosis of VT but often provides useful information about its exit 
site (i.e., septal, right or left ventricle, cardiac apex or outflow 
tract, epicardial or endocardial).

Catheter Ablation of Idiopathic VTs

Potential ablation sites for idiopathic VTs may be identified by 
pace mapping, activation mapping, or by more advanced 
methods such as electromagnetic or noncontact mapping. 
Where relevant, entrainment of the tachycardia is done to vali-
date the importance of a chosen location. Pace mapping (done 
during sinus rhythm) involves the stimulation of various ven-
tricular sites with the aim of evoking a QRS configuration that 
is identical to the clinical arrhythmia. The exit site of that 
arrhythmia is localized and targeted for RFCA. In activation 
mapping (done during tachycardia), the aim is to identify a spot 
within the ventricles where the sampled local electrogram pre-
cedes the surface QRS by the greatest possible length of time. 
In fascicular VT, low-amplitude, presystolic Purkinje potentials 
demarcate optimal ablation sites. With newer mapping methods, 
the activation pattern of the VT is superimposed on a three- 
dimensional image of the local cardiac geometry, allowing visu-
alization of the tachycardia circuit and identification of early 
activation or breakout points. Once suitable mapping and studies 
are complete, RF energy is applied to the chosen locations to 
terminate the arrhythmia.

Catheter Ablation of Macroreentrant VTs

The approach to mapping this type of arrhythmia is similar  
to that of atrial flutter (see previous discussion). Here the  
aim is to identify, during VT, critical parts of the reentrant 
circuit that are “protected” by electrically inert zones such as 
scars and valvular structures, and then to target these areas for 
RFCA. If the VT cannot be induced or if it is not tolerated 
hemodynamically when induced, substrate-based voltage or 
potential-guided mapping may be used to direct ablation efforts. 
With the latter methods, areas of low electrical voltage or those 
from which delayed or fractionated potentials are recorded 
during sinus rhythm are chosen for ablation. Pace mapping is 
often done simultaneously, with attention focused at the stimu-
lation to QRS time (the longer this interval, the more likely  
it is for that area to harbor a diastolic conduction pathway).  
The intricacies of these mapping methods are complex; the 
interested reader is directed to texts devoted to EP mapping  
and RFCA. Note that in some cases, especially in patients  
with nonischemic cardiomyopathy, successful control of the  
VT can only be achieved by ablating the epicardial surface  
of the heart, using catheters inserted percutaneously into the 
pericardial space.

Due to extensive scarring and the inaccessibility of certain 
parts of the heart (e.g., midmyocardial and intraseptal areas), 
VTs arising in the context of ischemic heart disease have a 
tendency to recur, often taking on a different rate and configura-
tion. Consequently, the success rate of RFCA for these sorts  
of arrhythmias lags behind that of AVNRT or AVRT  
(Table 33-1).

Avoiding trEAtMEnt ErrorS

Because the decision to undertake RFCA is based on clinical 
judgment and an on-table diagnosis of the arrhythmia, treat-
ment errors relating to RFCA may be avoided by careful assess-
ment of the patient’s symptoms, accurate ECG interpretation, 
adequate positioning and deployment of recording electrodes, 
and correct reading of intracardiac signals. Often, diagnostic 
pacing maneuvers are used to identify an arrhythmia mechanism 
or to map out its circuit. Finally, appropriate attention to the 
location and the manner in which RF energy is delivered will 
also reduce complications.

futurE dirECtionS

Remarkable advances have been made in RFCA since the 1990s. 
Better cardiac imaging, mapping software capable of greater 
signal resolution, catheters with differently configured tips or 
novel modes of energy delivery, and remotely operated robotic 
catheter steering systems are some recent developments  
that have potential to revolutionize the ablation of cardiac 
arrhythmias. With these technical advances it is anticipated  
that the length of time required for complex procedures  
such as AF ablation can be decreased considerably, making  
this approach more feasible for both patients and cardiac 
electrophysiologists.
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Aortic Stenosis

Timothy A. Mixon and Gregory J. Dehmer

T he outflow of blood from the left ventricle can become 
limited because of abnormalities of the aortic valve or  

narrowing of the aortic outflow tract either below or above the 
aortic valve. The leaflets of the aortic valve form three pocket-
like cusps of approximately equal size that separate the left 
ventricle from the aorta. The normal aortic valve opens com-
pletely during systole, allowing unimpaired ejection of blood 
from the left ventricle. Closure of the aortic valve prevents 
retrograde blood flow from the aorta into the left ventricle and 
allows the left ventricle to fill solely from the left atrium in 
preparation for the next cardiac cycle. The most common cause 
of aortic outflow obstruction is valvular aortic stenosis; that is, 
an abnormality within the valve apparatus that obstructs flow by 
impairing valve mobility and opening.

Nonvalvular obstruction of left ventricular (LV) outflow 
usually results from a congenital abnormality, such as a mem-
brane, that may exist above or below the valve. Hypertrophic 
obstructive cardiomyopathy (HOCM), formerly called idiopathic 
hypertrophic subaortic stenosis, produces a dynamic subaortic 
obstruction and is the focus of Chapter 19.

Etiology And PAthogEnESiS

The etiology of valvular aortic stenosis varies with the patient’s 
age at presentation. In childhood, valvular congenital abnor-
malities are the usual cause. The aortic valve may be unicuspid, 
bicuspid, tricuspid, or, rarely, even quadricuspid (Fig. 34-1). 
Unicuspid valves usually are severely narrowed at birth and 
produce symptoms in infancy. Bicuspid and malformed tricus-
pid valves rarely cause symptoms during childhood. More fre-
quently, the abnormal architecture of bicuspid and malformed 
tricuspid valves alters flow patterns across the valve, slowly trau-
matizing the leaflets, leading to progressive fibrosis, calcifica-
tion, and stenosis between ages 40 and 70 years.

Acquired abnormalities from senile, calcific degeneration of 
a previously normal valve predominate in patients diagnosed 
after age 70 years, with a prevalence of 3% to 5% in patients 
over 75 years old (Fig. 34-2). The pathophysiology of degenera-
tive, calcific aortic stenosis is an area of ongoing investigation. 
Although it shares some features and risk factors with athero-
sclerosis (accumulation of atherogenic lipoproteins, evidence  
of low-density lipoprotein oxidation, inflammation, and micro-
scopic calcification), there are important differences. These 
include the presence of osteochondrogenic differentiation 
markers on the surface of valvular endothelial cells, essentially 
leading to “bone formation” in the valve, as well as a correlation 
between aortic stenosis and low serum levels of fetuin-A, a 
serum-based inhibitor of calcification.

Rheumatic involvement of the aortic valve, less prevalent 
today in the United States than a generation ago, typically 
results in a combination of stenosis and regurgitation, usually 
with concomitant mitral valve disease. The rheumatic valve is 
characterized by commissural fusion and calcification, whereas 

the more common degenerative aortic stenosis shows calcifica-
tion progressing from the base of the cusps toward the leaflets, 
generally sparing the commissures (see Fig. 34-2). Rheumatic 
aortic stenosis generally presents between ages 30 and 50. Less 
common causes of aortic stenosis include obstructive vegeta-
tions from endocarditis, history of radiation therapy, and rheu-
matoid involvement with severe nodular thickening of the valve 
leaflets. Aortic stenosis may also be associated with systemic 
diseases including Paget’s disease, Fabry’s disease, ochronosis, 
and end-stage renal disease.

Bicuspid aortic valve disease merits special consideration 
given its prevalence (approximately 1% in the general popula-
tion) and the frequent association of bicuspid aortic valve disease 
with genetic disorders that lead to enhanced elastolysis of the 
aortic wall and accelerated apoptosis of smooth muscle cells of 
the aortic media. This abnormality leads to a reduced aortic 
elasticity and dilatation of the annulus, aortic root, and ascend-
ing aorta with an increased risk of aortic dissection. Because of 
this defect at the arterial wall level, many experienced centers 
now approach patients with bicuspid aortic valve and aortic dila-
tation similarly to patients with Marfan’s syndrome, considering 
elective repair when the aortic diameter approaches 4.5 to 
5.0 cm, instead of the traditional threshold size of 5.5 cm.

CliniCAl PrESEntAtion

Valvular aortic stenosis is often asymptomatic for years. Pro-
gressive and ultimately severe pressure overload imposed by the 
valve stenosis results in the development of concentric LV 
hypertrophy (LVH). This compensatory adaptation lowers wall 
stress and maintains forward flow but also leads to detrimental 
effects, including an abnormal diastolic filling pattern and sub-
endocardial ischemia.

Classic symptoms of aortic stenosis are angina, syncope, and 
dyspnea, the latter being a manifestation of congestive heart 
failure (CHF). The average survival without valve replacement 
is 5 and 3 years in patients who present with angina or syncope, 
respectively. The most concerning presentation is CHF, because 
those patients have an average survival without valve replace-
ment of less than 2 years.

Angina occurs in two thirds of patients with severe aortic 
stenosis, and approximately half of these have significant coro-
nary obstructions. In the absence of important coronary obstruc-
tions, angina is caused by subendocardial ischemia induced by 
increased wall thickness with a relatively decreased capillary 
density, prolonged ejection time, and increased LV end- 
diastolic pressure, which reduces the diastolic transmyocardial 
perfusion gradient.

Syncope in patients with important aortic stenosis typically 
occurs during physical exertion. Exertion reduces systemic vas-
cular resistance, while the necessary increase in cardiac output 
is blunted by the fixed valve obstruction. This combination 
results in cerebral and cardiac hypoperfusion. Moreover, the 
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Figure 34-1 Anomalies of the left ventricular outflow tract.
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Figure 34-2 Rheumatic and nonrheumatic causes of aortic stenosis.
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greatly increased LV systolic pressure during exertion activates 
ventricular baroreceptors that may cause an exaggerated vasode-
pressor response, further reducing cerebral perfusion. Common 
arrhythmias such as atrial fibrillation or atrioventricular conduc-
tion abnormalities may reduce LV filling and cardiac output, 
resulting in syncope. Life-threatening arrhythmias, such as ven-
tricular tachycardia or fibrillation, though uncommon, may 
occur in patients with aortic stenosis and result in syncope 
occurring at rest or with exertion and the potential for sudden 
cardiac death.

CHF can develop because of diastolic dysfunction, related to 
severe LVH with delayed ventricular relaxation and decreased 
compliance. Systolic dysfunction with progressive ventricular 
dilatation may occur late in the disease course. To compensate 
for the LV pressure load, the left atrium hypertrophies and 
develops vigorous contractions that allow adequate LV filling 
despite increased LV end-diastolic pressure. However, as the 
disease progresses or with physical activity, left atrial pressure 
increases further, leading to higher pulmonary venous pressures 
and eventually to pulmonary congestion and edema. Pulmonary 
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Figure 34-3 Aortic stenosis.
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edema may develop abruptly during activity or with the loss of 
atrial function, as in atrial fibrillation.

Aortic stenosis may be associated with gastrointestinal bleed-
ing from angiodysplasia (so called Heyde’s syndrome, which is 
associated with a mild form of acquired von Willebrand’s 
disease), or embolic events from detachment of small calcium 
deposits. Infective endocarditis is also a risk in patients with 
aortic stenosis and can have many morbid complications.

Physical Examination

Although noninvasive imaging provides an excellent tool for 
evaluation of patients with aortic stenosis, this condition can be 
assessed by a careful physical examination. One of the most 
notable findings in severe aortic stenosis is a decreased pulsation 
of the carotid arteries and a slowed arterial upstroke (pulsus 
parvus et tardus), with the maximum carotid upstroke noticeably 
delayed after the apical impulse (Fig. 34-3). A marked vibration 
or shudder may also be felt in the carotid artery. The jugular 
venous pressure is not elevated unless CHF is present. In mild 
aortic stenosis the jugular venous pulsations may be unremark-
able, whereas late in the disease a prominent “v” wave may occur 
from tricuspid insufficiency caused by pulmonary hypertension 
and bulging of the hypertrophied septum into the right ven-
tricle. As the degree of valve stenosis progresses, the LV apical 
impulse becomes displaced inferiorly and laterally, with a 

palpable presystolic pulsation (palpable S4). If the apical impulse 
is hyperdynamic, concomitant aortic or mitral insufficiency 
should be considered.

The first heart sound is usually normal, but the second heart 
sound may have a reduced aortic closure sound or be single 
because of the absence of the aortic component from immobile 
aortic leaflets; it may also be paradoxically split from a marked 
delay of LV ejection. There is often a fourth heart sound (S4), 
reflecting the reduced LV compliance during atrial contraction, 
and a third heart sound (S3) if CHF has developed. The murmur 
of aortic stenosis may be preceded by an early systolic ejection 
click, heard more frequently with a bicuspid valve or congenital 
form of aortic stenosis in which the leaflets have preserved pli-
ability. The murmur is characteristically described as crescendo-
decrescendo and harsh in quality, most prominent at the upper 
sternal border, with transmission into the carotids. High- 
frequency resonations may be heard at the apex (Gallavardin 
phenomenon) and can be misinterpreted as mitral regurgitation. 
In the early stages of aortic stenosis, the murmur is confined to 
midsystole, but as the stenosis worsens, the murmur becomes 
longer, enveloping all of systole, and peaks later during systole, 
reflecting the delayed LV ejection. With aging the aortic valve 
leaflets can become thickened and calcified with slightly reduced 
mobility, but not truly stenotic, a condition termed aortic sclero-
sis. The murmur of aortic sclerosis is similar to that in aortic 
stenosis but tends to be an early-peaking murmur with normal 
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carotid pulsations. Aortic sclerosis, while not directly leading to 
serious sequelae, has been associated with a higher prevalance 
of coronary artery disease and cardiovascular mortality.

The murmur of mitral regurgitation is usually easily distin-
guished from that of aortic stenosis. It is pansystolic, with a 
more musical quality and constant intensity despite variations 
in cardiac cycle length. In contrast, the murmur of aortic steno-
sis is accentuated after pauses such as those associated with 
post-extrasystolic beats or long cycles in atrial fibrillation. The 
murmur associated with HOCM can be similar in character but 
responds to provocative maneuvers in a characteristic manner 
and has increased intensity after post-extrasystolic beats. The 
murmur of valvular aortic stenosis increases with increased 
flow across the valve resulting from squatting or maneuvers 
to increase preload and decreases in intensity with a Valsalva 
maneuver. The murmur of HOCM becomes more prominent 
with decreasing preload, such as the straining phase of the 
Valsalva maneuver or standing upright. Furthermore, the 
carotid upstroke in HOCM is rapid and has a bisferious quality.

diFFErEntiAl diAgnoSiS

Differentiation of valvular aortic stenosis from other causes of 
LV outflow tract obstruction is important, because treatment 
and prognosis differ depending on the etiology. Subvalvular 
outflow tract obstruction may be due to a discrete subaortic 
membrane, a fibromuscular deformity (tunnel defect), or dispro-
portionate muscular hypertrophy of the intraventricular septum 
with dynamic obstruction of the outflow tract. Supravalvular 
outflow tract obstruction is much less common than other vari-
eties. It occurs in three forms: a circumferential hourglass nar-
rowing of the aorta above the valve, a discrete fibromembranous 
ring, or a hypoplastic variety with diffuse narrowing of the 
ascending aorta (see Fig. 34-1).

diAgnoStiC APProACh

In patients with aortic stenosis, the ECG most commonly shows 
sinus rhythm until late in the disease course. The most common 
ECG findings are LVH (>80%) and left atrial (LA) abnormality 
manifested by a negative terminal deflection of the P wave in 
lead V1, corresponding to LA hypertrophy. Less common find-
ings are ST-segment depression in leads V4 through V6 (the LV 
“strain pattern”) and conduction system disease from calcifica-
tion of the specialized conduction tissue, manifested as atrioven-
tricular block, left anterior fascicular block, or a nonspecific 
intraventricular conduction delay.

A chest x-ray usually shows a normal-sized cardiac silhouette, 
since the LV may be hypertrophied but is usually not grossly 
dilated unless end-stage CHF is present. LA enlargement and 
signs of pulmonary venous congestion may be present. It is 
uncommon to see calcification of the aortic valve leaflets on a 
standard chest x-ray, but some calcium near the aortic and 
mitral valve annuli is common, and poststenotic dilatation of the 
ascending aorta may be present. However, calcified aortic valve 
leaflets can often be visualized by cardiac fluoroscopy.

Two-dimensional echocardiography with Doppler is the 
most useful test for evaluating suspected aortic stenosis. A com-
plete transthoracic echocardiogram can identify the location of 

the aortic outflow obstruction, estimate the severity of valvular 
obstruction, and provide supplemental information such as LV 
function, the degree of LVH, LA size, and the presence or 
absence of associated valvular abnormalities, most notably mitral 
regurgitation or aortic insufficiency (Fig. 34-4). Doppler inter-
rogation of the flow across the aortic valve can estimate the 
transvalvular mean and peak pressure gradients (Table 34-1). 
The transvalvular gradient depends on the severity of the steno-
sis and the flow volume across the valve. With valvular aortic 
stenosis the valve area is fixed, but flow across the valve, and 
hence the pressure gradient, varies depending on many factors, 
including exercise, anxiety, anemia, hypovolemia, concomitant 
aortic insufficiency and the LV systolic function. Transvalvular 
gradients are reported as a mean value or a peak instantaneous 

Figure 34-4 Two-dimensional echocardiography and Doppler 
analysis in a patient with aortic stenosis.

A

B

Parasternal long-axis two-dimensional echocardiogram showing an
immobile, heavily calcified aortic valve (arrow).

Continuous wave Doppler echocardiograph shows the velocity profile
across the aortic valve. Standard on-line software assists in determining 
the peak velocity and time velocity integral, which are used to determine
the valve area based on the the continuity equation. It is essential to
interrogate the jet from multiple transducer positions to obtain the true
maximal jet, which is found when the transducer is parallel to the
direction of flow.
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table 34-1 Echocardiographic Assessment of the 
Severity of Aortic Valve Stenosis

degree of 
Stenosis*

Aortic Valve 
Area

Mean Pressure 
gradient

Aortic Jet 
Velocity

Mild ≥1.5 cm2 <25 mm Hg <3.0 m/s
Moderate 1.0–1.5 cm2 25–40 mm Hg 3.0–4.0 m/s
Severe <1.0 cm2 >40 mm Hg >4.0 m/s

* Instead of relying on one single value, assessment of aortic 
stenosis is best viewed as a continuum, with integration of multiple 
measurements necessary to accurately characterize severity.

gradient. Although these measures are directionally related, 
neither corresponds exactly to the peak-to-peak gradient fre-
quently reported from simultaneous invasive measurements 
made with catheters. In general, a peak transvalvular gradient 
greater than 64 mm Hg or a mean transvalvular gradient greater 
than 40 mm Hg is consistent with severe aortic stenosis. Aortic 
valve areas can be calculated via the continuity equation or esti-
mated directly by planimetry. Because the pressure gradient can 
vary considerably under different conditions, the calculated 
aortic valve area is generally thought to be a more reliable 
measure of severity than the pressure gradient alone. A calcu-
lated aortic valve area smaller than 1.0 cm2 or 0.6 cm2/m2 is 
consistent with severe aortic stenosis. One pitfall in echocardiog-
raphy is relying solely on Doppler-derived “valve areas” without 
visualization of the valve for calcification and altered mobility. 
An increased outflow tract gradient actually due to HOCM can 
be mistaken for valvular aortic stenosis and lead to an inappropri-
ate referral for aortic valve replacement (AVR). In patients with 
poor acoustic windows, a transesophageal echocardiogram may 
provide better visualization of the valve leaflets and allow more 
precise determination of valve area by planimetry.

Because of the relationship of flow and pressure across the 
valve, some patients with low cardiac output secondary to left-
sided heart failure have a low transvalvular pressure gradient 
(<30 mm Hg) despite having significant aortic stenosis. Valve 
area calculations in this circumstance may be misleading; thus, 
it is often helpful to increase the cardiac output with an intra-
venous inotropic drug or exercise and use the new data to recal-
culate the valve area. If the increase in cardiac output causes a 
substantial increase in the calculated valve area with no change 
in transvalvular gradient, the clinical problem is likely to be a 
primary cardiomyopathy, rather than aortic stenosis (“pseudo-
aortic stenosis”). In contrast, if the increase in cardiac output 
leads to a substantial increase in the gradient with an unchanged 
(or slightly decreased) calculated valve area, the primary problem 
is likely to be “true” aortic stenosis. Formerly, the degree of 
stenosis was commonly confirmed with invasive hemodynamic 
measurements. However, it is now acceptable to forgo such 
invasive evaluation unless historic, physical, and echocardio-
graphic findings are discordant. Indeed, studies utilizing very 
sensitive measures such as MRI have identified the frequent 
presence of cerebral emboli with left heart catheterization in 
patients with aortic stenosis, even though the emboli may be 
subclinical. However, in the setting of discordant information, 
right- and left-sided heart catheterizations are indicated to 
directly obtain pressure gradients and measure cardiac output. 

Valve resistance can also be calculated and is less dependent on 
flow across the stenotic valve orifice.

Although not widely used in clinical practice, if echocardio-
graphic images are nondiagnostic, some investigators have pro-
moted cardiac CT or MRI as alternatives for diagnosing aortic 
stenosis severity. Planimetered valve areas by these techniques 
have good correlation compared with Doppler echocardiogra-
phy and invasive catheterization in relatively small cohorts. 
Multiple studies have suggested that an anatomic planimeter of 
the valve by whatever imaging technique often yields a slightly 
higher valve area than one derived from a Doppler/pressure 
calculation, which probably better represents the functional 
valve area.

Before AVR, coronary angiography is indicated for all 
patients older than 35 years or who have two or more risk factors 
for coronary artery disease. It is estimated that up to 50% to 
60% of patients with severe calcific aortic stenosis have serious 
obstructive coronary artery disease and 16% have carotid artery 
stenosis.

MAnAgEMEnt And thErAPy

Optimum Treatment

In adults with severe and symptomatic aortic stenosis, AVR  
is indicated. Medical therapy for valvular aortic stenosis is 
usually limited to treatment of complications, such as CHF, 
rhythm disturbances, and infective endocarditis. Heart failure 
from LV systolic dysfunction is treated with judicious use of 
angiotensin-converting enzyme inhibitors, diuretics, and occa-
sionally digoxin. Systemic hypertension should be controlled 
with medications, but excessive lowering of blood pressure 
should be avoided. Because the ability of cardiac output to 
increase is limited in severe aortic stenosis, lowering the sys-
temic pressure can increase the transvalvular gradient and 
worsen symptoms.

Investigations have not shown a role for specific agents 
including β-blockers, angiotensin-converting enzyme inhibi-
tors, or angiotensin receptor blockers in slowing the progression 
of aortic stenosis. Some retrospective studies imply that statins 
may retard aortic stenosis progression; however, two prospec-
tive randomized controlled trials failed to demonstrate any 
benefit.

Atrial fibrillation may occur late in the disease course and can 
lead to significant hemodynamic deterioration due to these 
patients’ dependence on a vigorous atrial contraction to ade-
quately fill the LV and support a normal stroke volume. Atrial 
fibrillation is treated in the usual manner, with emphasis on the 
maintenance of sinus rhythm, if symptomatic, and anticoagula-
tion as indicated based on the usual assessment of risk factors 
for thrombotic events. If serious LVH is present, amiodarone 
is the safest agent for maintenance of sinus rhythm. In patients 
presenting with atrial fibrillation and hemodynamic compro-
mise, urgent electrical cardioversion is indicated.

Infective endocarditis occurs more frequently with congeni-
tal valvular abnormalities and is less common with senile, calcific 
aortic stenosis. Patients with moderate to severe degrees of 
outflow tract obstruction should not engage in vigorous, unsu-
pervised exercise.
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Aortic Valve Replacement

AVR is indicated for the treatment of symptomatic aortic stenosis. 
Although expert opinion varies at different medical centers, in 
general AVR can be safely delayed (even in patients with severe 
aortic stenosis) until symptoms develop. Mechanical, biopros-
thetic, and homograft valves all provide excellent symptom relief 
and improve the mortality rate, with the expected survival rate 
approaching that of the unaffected population. Asymptomatic 
patients with severe aortic stenosis generally have an acceptable 
course and prognosis without valve replacement, with a rate of 
sudden death less than 1% per year, lower than formerly feared. 
However, these patients require close clinical follow-up, since 
less than half are free of cardiac symptoms at 5 years without 
AVR. Therefore, because the average perioperative mortality 
for AVR alone is 3% to 4% (5.5% to 6.8% for concomitant 
AVR plus coronary artery bypass), and there are additional risks 
from prosthetic valves (valve dysfunction, prosthetic valve endo-
carditis, bleeding from anticoagulant therapy), valve replace-
ment is not recommended for most asymptomatic individuals.

Surgery should also be considered for asymptomatic patients 
who have LV dysfunction, an abnormal response to exercise 
(development of symptoms or exercise-induced hypotension), a 
high likelihood of rapid progression, or very severe aortic ste-
nosis (valve area <0.6 cm2) (Fig. 34-5). Patients with symptom-
atic aortic stenosis and impaired LV systolic function generally 
benefit from AVR, although the immediate risk of surgery is 

Figure 34-5 Algorithm for clinical approach to severe aortic stenosis. AVA, aortic valve area; BP, blood pressure; CABG, coronary 
artery bypass surgery; echo, echocardiography; LV, left ventricular; Vmax, maximal velocity across aortic valve by 
Doppler echocardiography. From Bonow RO, Carabello BA, Chatterjee K, et al. 2008 Focused update incorporated into 
the ACC/AHA 2006 guidelines for the management of patients with valvular heart disease. J Am Coll Cardiol; 
2008:52(13);e1–e142.
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higher than in individuals with aortic stenosis and normal LV 
systolic function before surgery. After valve replacement, LV 
systolic function returns to normal in many patients. A frequent 
clinical dilemma is whether to refer an octogenarian with symp-
tomatic aortic stenosis for AVR. Although there is no substitute 
for sound clinical judgment and careful consideration of comor-
bidities, several studies have demonstrated outcomes in oper-
ated octogenarians to be equal to normal, age-matched controls, 
thereby suggesting a survival benefit to AVR, even in this patient 
cohort. Patients undergoing AVR are frequently considered for 
a mechanical prosthesis if they are younger than 65 years of age 
(because of the significant risk of valve deterioration and the 
need for repeat surgery if a bioprosthesis is utilized), whereas 
patients older than 65 years of age can often be treated with a 
bioprosthesis (with its lower risk of thromboembolism and 
reduced need for anticoagulation) without ever experiencing 
valve degeneration in their lifetime.

Balloon valvotomy is useful in young patients for the pallia-
tion of congenital aortic stenosis, but late restenosis and a need 
for valve replacement often occur. In older patients with calcific 
aortic stenosis, balloon valvotomy is indicated (if at all) only as 
a bridge to AVR in critically ill patients, in patients who require 
urgent noncardiac surgery, or as palliation for terminal patients 
with a limited life expectancy. Percutaneous approaches for 
implantation of artificial valves (see below) are an approach cur-
rently under evaluation.
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Avoiding Treatment Errors

Volume depletion must be avoided, because it reduces LV filling 
pressures and may lead to severe hypotension. Volume deple-
tion can develop with aggressive diuresis but can also occur 
during or after noncardiac surgery from the effects of anesthesia 
or bleeding. Occasionally, the severity of aortic stenosis is 
underappreciated before surgery but manifests clinically as 
severe hypotension and a low cardiac output postoperatively. 
Aggressive volume and blood replacement is necessary to reverse 
the clinical deterioration. The inappropriate use of arterial vaso-
dilators and venodilators such as nitroglycerin can also cause 
excessive hypotension.

When deciding whether to perform valve replacement in 
patients with poor LV function and low cardiac output, it is 
critical to determine if the primary problem is (1) severe aortic 
stenosis leading to LV failure and thus a low cardiac output and 
transvalvular pressure gradient or (2) primary LV systolic failure 
and thus a low cardiac output and transvalvular pressure gradi-
ent across what is really a minimally stenotic valve. In this cir-
cumstance, an accurate assessment of the valve area requires 
administration of an inotropic drug as described. Failure to 
perform this assessment can lead to an inappropriate valve 
replacement and a poor clinical outcome.

FuturE dirECtionS

Minimally invasive AVR surgery via a right parasternal incision 
is often replacing the traditional approach of a median ster-
notomy when valve replacement is an isolated procedure. Com-
pletely percutaneous alternatives to surgical valve replacement 
are also being developed and tested in patients (see Chapter 40). 
Ongoing investigations will define the optimal candidates, 
further refine the devices available, and determine the success 
rates, survivability, and development of late complications. 
Hybrid approaches are being explored, including a limited 
anterolateral thoracotomy with a transapical, catheter-delivered 
valve implantation guided by fluoroscopy. Others have sug-
gested that a lower periprocedural mortality rate in select 
patients with severe coronary disease and aortic stenosis can be 
achieved through a strategy of percutaneous coronary stent 
implantation followed within days by AVR, rather than a com-
bined surgical procedure.
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Aortic Regurgitation

Timothy A. Mixon and Gregory J. Dehmer

A ortic valve regurgitation results in impaired cardiac output 
and volume overload of the left ventricle. The distinction 

between acute and chronic forms of aortic regurgitation is 
important, since this affects the possible etiologies, associated 
diseases, prognosis, and treatment.

Etiology And PAthogEnEsis

Etiologies of chronic aortic regurgitation may be broadly  
categorized based on one of two structural defects—those 
involving the valve leaflets and cusp, or those involving the aortic 
root—although in late stages of the disease both structural 
defects may coexist.

Common causes of acute aortic regurgitation include ascend-
ing aortic dissection with distortion of the normal valve archi-
tecture, infective endocarditis with destruction of a valve leaflet, 
traumatic disruption, and spontaneous rupture or prolapse of a 
valve cusp secondary to degenerative diseases of the valve. Acute 
aortic regurgitation also may occur with sudden dehiscence of 
the sewing ring of a prosthetic valve and after operative or 
balloon valvuloplasty.

Aortic Valve Leaflet Pathology

Causes of valve leaflet disease include rheumatic heart disease, 
congenital abnormalities of the aortic valve (especially bicuspid 
valves), calcific degenerative valve disease, myxomatous degen-
eration, or infective endocarditis. Rheumatic disease is charac-
terized by shortening and scarring of the cusps and is frequently 
accompanied by mitral valve involvement (Fig. 35-1). Congeni-
tally bicuspid valves are found in 1% to 2% of the population, 
with a 3 : 1 male predominance. There is a growing appreciation 
that the presence of a bicuspid valve is linked to a connective 
tissue disorder that leads to loss of elastic tissue within  
the proximal aorta, ultimately predisposing to aortic root  
dilatation and an increased propensity to dissection. While a 
bicuspid valve often presents as aortic stenosis or a mixed ste-
nosis-regurgitation lesion, 10% of individuals with bicuspid 
aortic valves have pure regurgitation, occurring as a result of 
altered cusp architecture or an abnormal aortic root related to 
annular dilatation or dissection. Infective endocarditis may 
cause aortic regurgitation by several mechanisms, including (1) 
perforation of a single leaflet or a flail leaflet and (2) weakening 
of the cusp and valve annulus as a result of an expanding aortic 
root abscess.

Aortic Root Diseases

Aortic root disease is responsible for approximately one half  
of all clinically significant cases of aortic regurgitation. Common 
aortic root problems causing aortic regurgitation include  
connective tissue disorders (such as Marfan’s syndrome, Loeys-
Dietz syndrome, and type IV Ehler-Danlos) that may lead to 

annuloaortic ectasia or ascending aortic dissection and resulting 
distortion of valve structure and/or undermined support of the 
aortic valve leaflets (Fig. 35-2). In long-standing systemic hyper-
tension, aortic regurgitation may occur from dilatation of the 
ascending aorta with distortion of the valve and chronic damage 
to the valve leaflets.

Less common causes of aortic regurgitation include syphilitic 
aortitis, ankylosing spondylitis, osteogenesis imperfecta, sys-
temic lupus erythematosus, rheumatoid arthritis, psoriatic 
arthritis, Behçet’s syndrome, ulcerative colitis, discrete subaor-
tic stenosis, and ventricular septal defect with prolapse of an 
aortic cusp (Fig. 35-3).

Natural History

The natural history of chronic aortic regurgitation is incom-
pletely known. Data from the presurgical era indicate that 
patients with chronic, severe aortic regurgitation who have 
angina or heart failure have a prognosis similar to those with 
severe aortic stenosis, with mortality rates of at least 10% to 
20% per year. Asymptomatic patients with normal left ventricu-
lar (LV) function develop symptoms of LV dysfunction at a rate 
of approximately 4% annually, but the occurrence of sudden 
death is rare (<0.2% per year). It is important to note, however, 
that 25% of patients who die or progress to LV dysfunction do 
so before manifesting symptoms, emphasizing the importance 
of serial quantitative assessments of LV function. Asymptomatic 
patients who develop LV dysfunction have higher event rates, 
with more than 25% developing symptoms annually.

In contrast, the natural history of acute aortic regurgita-
tion—especially if severe—is dire, with morbid complications 
such as pulmonary edema and cardiogenic shock that can persist 
despite intensive medical therapy. In such cases, early mortality 
is high even with urgent surgical repair of the underlying 
problem.

CliniCAl PREsEntAtion

Clinical presentation of aortic regurgitation varies with the 
onset (acute or chronic) and the degree to which compensatory 
changes have occurred within the left ventricle in response to 
volume overload (Table 35-1). In acute aortic regurgitation the 
presentation is usually dramatic. LV compensatory dilatation 
has not yet developed, so LV compliance is normal and remains 
so despite the sudden regurgitation. The acute volume overload 
is poorly tolerated, because the left ventricle is abruptly and 
markedly distended, resulting in impaired systolic function 
(based on the Frank-Starling mechanism). As a result, the  
left ventricle functions on the steep portion of the pressure-
volume curve, leading to a considerably increased LV diastolic 
pressure, which in turn causes a severe increase in left atrial and 
pulmonary capillary wedge pressures, with resultant pulmonary 
edema. Forward cardiac output is reduced, and sinus tachycardia 



298 SECTION V • Valvular Heart Disease

Figure 35-1 Aortic regurgitation: Rheumatic heart disease.
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coronary blood flow in the setting of LV hypertrophy. As in 
acute aortic regurgitation, a reduced transmyocardial perfusion 
pressure exists that reduces coronary blood flow. This is further 
worsened by the degree of LV hypertrophy, which increases 
myocardial oxygen demand. As aortic regurgitation develops, 
the left ventricle slowly enlarges primarily with eccentric hyper-
trophy, although concentric hypertrophy also occurs from 
increased afterload (Fig. 35-4). As the regurgitation progresses, 
the left ventricle slowly dilates with an increase in end-diastolic 
volume and chamber compliance. Accordingly, in the early 
phases of LV dilation before the onset of systolic dysfunction, 
the increased end-diastolic volume is not associated with major 
increases in end-diastolic pressure. The resulting increased 
stroke volume maintains a normal forward cardiac output, 
usually without substantial increases in heart rate. The aug-
mented stroke volume leads to many of the classic findings of 
chronic aortic regurgitation (Table 35-2; see Fig. 35-4). Occa-
sionally, patients may experience an unpleasant awareness of 
each contraction, especially if irregular beats lead to a diastolic 
pause with a larger stroke volume in the subsequent beat.  
The augmented aortic systolic pressure from the increased 
stroke volume plus the lower aortic diastolic pressure from 
regurgitation into the left ventricle results in a wide pulse  
pressure. During exercise, systemic vascular resistance and dia-
stolic filling period decrease, resulting in less regurgitation per 
cardiac cycle. This increases forward cardiac output without 
substantial increases in LV end-diastolic pressure. With time 
and worsening aortic regurgitation, the ability of the left ven-
tricle to compensate for the chronic volume overload eventually 
is exceeded, and LV systolic failure develops. As the LV ejection 
fraction decreases, the ventricle dilates further, initiating a 
vicious cycle eventually leading to the typical symptoms of  
congestive heart failure. Throughout this process, myocardial 
fibrosis contributes to the gradual development of irreversible 
LV dysfunction.

Physical Examination

ACuTE AOrTIC rEGurGITATION

In acute severe aortic regurgitation, systolic blood pressure is 
normal or decreased, and diastolic blood pressure is slightly 
elevated—resulting in a pulse pressure that is normal or slightly 
narrowed. Although a tachycardia is usually present, the precor-
dium is relatively quiet. The first heart sound is soft because of 
premature closure of the mitral valve and may be absent in 
severe acute regurgitation. The second heart sound is also soft, 
and a third heart sound is frequently present due to rapid early 
diastolic filling of the left ventricle. A fourth heart sound is 
uncommon. In contrast to chronic aortic regurgitation, the dia-
stolic murmur of acute regurgitation is often short, ending well 
before the end of diastole, and soft in intensity or even absent 
in very severe cases. This occurs because diastolic flow across 
the valve stops when the aortic diastolic pressure equalizes with 
the rapidly rising LV diastolic pressure. A systolic murmur may 
also be present but is usually not particularly loud because of 
the reduced forward output. A second diastolic murmur, the 
Austin Flint murmur, is a mid-diastolic rumble similar to mitral 
stenosis best heard at the apex. Possible mechanisms of this 
murmur include relative mitral stenosis from the regurgitant jet 

develops in an attempt to augment cardiac output. The regur-
gitation causes premature mitral valve closure with occasional 
diastolic mitral regurgitation. Because of these changes,  
the patient with acute aortic regurgitation usually appears 
severely ill, manifesting tachycardia, hypotension, peripheral 
vasoconstriction, and pulmonary edema, but lacks many of  
the physical signs of chronic regurgitation. Fatigue, apathy, 
agitation, or a decline in mental function may develop as a 
manifestation of the decrease in forward cardiac output. Finally, 
patients may develop signs and symptoms of myocardial ische-
mia due to the combination of a lower aortic diastolic blood 
pressure and increased LV end-diastolic pressure resulting in a 
reduced transmyocardial pressure gradient to support coronary 
blood flow.

Chronic aortic regurgitation may be asymptomatic for years. 
When symptoms develop, they are usually indolent, reflecting 
the disease’s slow, progressive nature. Frequent complaints 
include exertional dyspnea, orthopnea, paroxysmal nocturnal 
dyspnea, and palpitations. Angina pectoris may occur if there is 
significant coronary artery disease or because of reduced 
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Figure 35-2 Aortic regurgitation in Marfan’s syndrome.
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displacing the anterior mitral leaflet, impedance of left atrial 
outflow, or vibrations of the anterior mitral valve leaflet induced 
by the regurgitant jet.

CHrONIC AOrTIC rEGurGITATION

In chronic, compensated aortic regurgitation, increased carotid 
pulse volumes may be accompanied by a bruit or transmitted 
systolic murmur. Peripheral pulses are bounding as a result of 
the wide pulse pressure, with systolic hypertension and a low 
diastolic blood pressure. The LV apical impulse is enlarged and 
forceful and is displaced inferiorly and laterally. The first heart 
sound is normal or soft, and the second heart sound may be 
normal, single, or paradoxically split. Ejection clicks may be 
heard, especially in patients with a dilated aortic root. A fourth 
heart sound can be detected as LV hypertrophy develops, and 
a third heart sound occurs later in the clinical course of aortic 
regurgitation when the left ventricle decompensates. The dia-
stolic murmur of chronic aortic regurgitation is best heard at 
the base of the heart along the left sternal edge or in the second 
right intercostal space. It is best detected with the diaphragm of 
the stethoscope while the patient is leaning forward during held 
expiration. The etiology of the regurgitation is more likely to 
be valvular if the murmur is louder to the left of the sternum, 
whereas aortic root disease may be the cause if the murmur is 

louder to the right of the sternum. The diastolic murmur begins 
at the second heart sound and continues for a variable portion 
of diastole. Severity of the regurgitation is better correlated with 
the length of the murmur than with its intensity. However, 
when the left ventricle begins to fail and end-diastolic pressure 
increases, the murmur shortens again. A systolic murmur may 
be present from increased forward flow across the aortic valve 
or concomitant aortic stenosis. An Austin Flint murmur, if 
present, indicates severe aortic regurgitation.

diFFEREntiAl diAgnosis

The hallmarks of chronic aortic regurgitation are an increased 
pulse pressure and diastolic decrescendo murmur heard at the 
upper sternal border. Several other conditions can mimic aortic 
regurgitation and should be considered in the differential diag-
nosis. First, patients with pulmonic regurgitation have a blowing 
diastolic decrescendo murmur but would not usually have a  
wide pulse pressure or bounding carotid pulse. The murmur of 
pulmonic regurgitation should increase with inspiration; the 
pulmonic valve closure sound is often increased in intensity, and 
a right ventricular (RV) heave may be present. The ECG would 
show signs of RV strain or hypertrophy rather than left-sided 
abnormalities, and chest radiography would show signs of  
RV enlargement. In adults there is usually a comorbid condition 
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Figure 35-3 Aortic regurgitation in ankylosing spondylitis.

causing pulmonary hypertension and thus the pulmonary regur-
gitation. Second, in those presenting at a younger age, the 
diagnosis of patent ductus arteriosus should be considered.  
It causes a wide pulse pressure, as seen in aortic regurgitation, 
but the murmur is continuous with a low-pitched diastolic  
component. The ECG in this condition would be normal or 
show signs of LV hypertrophy, and chest radiography would 
show increased flow in the pulmonary vasculature. Third, if 
symptoms of dyspnea and chest pain begin suddenly, a ruptured 
sinus of Valsalva aneurysm should be considered. The pulse 
pressure is usually increased, but the murmur is continuous 
instead of only diastolic. Chest radiography would show signs 
of increased flow in the pulmonary vasculature. Finally and 
rarely, a coronary arteriovenous fistula may present with a 
murmur that can be confused with aortic regurgitation. The 
murmur should be continuous, but occasionally the diastolic 

component can dominate, mimicking aortic regurgitation. 
Echocardiography and, if necessary, cardiac catheterization can 
be performed to distinguish all of these conditions from aortic 
regurgitation.

diAgnostiC APPRoACh

With chronic aortic regurgitation, the ECG frequently shows 
left-axis deviation and LV hypertrophy. Other findings are non-
specific and may include intraventricular conduction defects, 
nonspecific ST-segment and T-wave changes, and PR-interval 
prolongation, especially if the etiology is inflammatory. None 
of these findings is an accurate predictor of regurgitation 
severity.

Chest radiography in chronic aortic regurgitation shows LV 
dilatation that may be massive (“cor bovinum”). An enlarged 
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Figure 35-4 Manifestations of aortic regurgitation.
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table 35-1 Hemodynamic Features of the Stages of Severe Aortic regurgitation

Acute severe Regurgitation
Chronic, severe Regurgitation 
(Compensated)

Chronic, severe Regurgitation 
(late decompensation)

LV compliance* Not increased Increased No longer increased
LVEDP ↑↑↑ Normal ↑↑↑
LV dimensions Normal ↑↑ ↑↑
Aortic SBP Normal or low ↑ Normal or low
Aortic DBP Normal ↓↓ Normal
Pulse pressure Normal to ↓ ↑↑↑ Normal
LVEF Normal Normal to ↑ ↓ to ↓↓↓
Total stroke volume ↑ ↑↑↑ ↑
Heart rate ↑↑↑ Normal ↑↑
regurgitant volume Large Very large Large
Effective cardiac output ↓↓ Normal ↓
Arterial pulse volume Normal to ↑ ↑↑↑ Normal

↑, slight increase; ↑↑, moderate increase; ↑↑↑, severe increase; ↓, slight decrease; ↓↓, moderate decrease; ↓↓↓, severe decrease; DBP, diastolic 
blood pressure; LV, left ventricular; LVEDP, left ventricular end-diastolic pressure; LVEF, left ventricular ejection fraction; SBP, systolic blood 
pressure.

* Arrows are not used in the first row, because the changes in LV compliance are complex. In acute severe regurgitation, compliance is not 
really normal but is not increased. In the right-hand column, compliance is not really normal but is reduced compared with the state 
described in the middle column.

aortic root size suggests this as the etiology of the regurgitation. 
Pulmonary vasculature may be engorged during a decompen-
sated state. With acute severe aortic regurgitation, there is 
minimal cardiac enlargement, with florid pulmonary edema the 
only finding.

Echocardiography is valuable for the initial assessment of 
acute and chronic aortic regurgitation and for serial follow-up 
examinations. Echocardiography provides information about 
the etiology and severity of aortic regurgitation, the presence of 
concomitant valve disorders, and the state of LV compensation 



302 SECTION V • Valvular Heart Disease

as assessed by chamber size, function, and wall thickness. The 
severity of regurgitation can be estimated semiquantitatively  
by measuring the width or cross-sectional area of the regurgi-
tant jet in relation to the LV outflow tract cross-sectional  
area, by the finding of holodiastolic flow reversal in the descend-
ing aorta, or by measuring the pressure half-time of the regur-
gitant jet. Severity can be determined quantitatively by  
the continuity equation that yields the regurgitant volume  
and fraction. Additional information from echocardiography, 
notably LV ejection fraction and chamber dimensions, can  
be followed serially to determine the timing of surgical 
intervention.

Aortic regurgitation can also be evaluated by cardiac cathe-
terization. Hemodynamic tracings in severe aortic regurgitation 
show a wide pulse pressure and an elevated LV end-diastolic 
pressure (Fig. 35-5). Aortic root angiography provides a semi-
quantitative assessment of severity, based on the speed and com-
pleteness of LV opacification. Quantitatively, regurgitant 
volume and regurgitant fraction are calculated using the stroke 
volume from LV angiography and forward cardiac output 
obtained by the thermodilution or Fick method.

MAnAgEMEnt And thERAPy

Optimum Treatment

ACuTE AOrTIC rEGurGITATION

Regardless of the etiology, acute aortic regurgitation requires 
rapid diagnosis, with aggressive medical and surgical therapy, if 
feasible. Definitive therapy is surgical repair or (more com-
monly) valvular replacement. Occasionally, a brief period of 
medical stabilization is possible and desirable. Medical stabiliza-
tion includes afterload-reducing agents to augment forward 
cardiac output, but worsening hypotension may preclude 
optimal use of this therapy. Intraaortic balloon counterpulsation 
is contraindicated, because it increases regurgitation. Slowing 
the heart rate is not recommended, because it prolongs the 
diastolic filling period and thus lengthens the time during which 
regurgitation can occur. However, if acute aortic dissection is 
the etiology of the regurgitation, β-blockers may reduce the 
force of LV ejection, and aggressive lowering of the blood pres-
sure is appropriate.

With acute aortic dissection, the clinical picture may be 
dominated by other sequelae, including myocardial infarction 
from compromise of a coronary artery (most commonly the 

right coronary artery), hemopericardium with tamponade, hem-
orrhagic shock, or stroke due to involvement of a great vessel, 
all of which may alter treatment approach. When aortic regur-
gitation occurs as a result of infective endocarditis, surgery occa-
sionally can be delayed a few days to allow further antibiotic 
therapy but should not be postponed if there is significant 
hemodynamic instability or heart failure.

CHrONIC AOrTIC rEGurGITATION

Medical Therapy

Vasodilator therapy can reduce the degree of regurgitation, 
increase forward cardiac output, and delay the necessity of  
valve replacement. Vasodilator therapy may be considered  
for asymptomatic patients with severe aortic regurgitation  
who have normal systolic function with LV dilatation. It is 
important to carefully and frequently monitor patients treated 
with vasodilator therapy to assure their efficacy and to confirm 
that aortic regurgitation has not worsened. Vasodilators may 
also be useful in treating patients with severe, symptomatic 
aortic regurgitation who are not surgical candidates, or in prepa-
ration for surgery in patients with severe, decompensated  
congestive heart failure. Long-term administration of β-blockers 
is important for patients with Marfan’s syndrome, because it 
slows the rate of aortic dilatation and progression to aortic 
complications.

Surgical Therapy

Valve replacement should be considered for most patients with 
symptomatic severe aortic regurgitation, unless comorbid con-
ditions preclude surgery. Preoperative LV systolic performance 
is the major determinant of postoperative prognosis as assessed 
by LV function, persistent symptoms of heart failure, and sur-
vival rate. In general, symptomatic patients with abnormal LV 
systolic function who undergo valve replacement have reduced 
postoperative survival rates, as compared with those with pre-
served LV systolic function who have an excellent prognosis. 
However, patients with reduced LV systolic function on the 
basis of increased afterload (in distinction from patients with 
systolic dysfunction on the basis of depressed myocardial con-
tractility) may show substantial improvement in LV function 
after valve replacement. In this subgroup, improvement in LV 
function results from elimination of valve regurgitation and  
LV volume overload. This begins to reverse the imbalance of 

table 35-2 Physical Examination Findings with Severe Aortic regurgitation

Finding description

De Musset’s sign Head bob with each systolic pulsation
Corrigan’s pulse Bounding pulse, alternatively named “water-hammer pulse”
Traube’s sign Booming systolic and diastolic sounds (“pistol shots”) over the femoral arteries
Müller’s sign Systolic pulsation of the uvula
Duroziez’s sign Systolic murmur over the femoral artery when compressed proximally, diastolic murmur when compressed 

distally
Quincke’s sign Capillary pulsations noted in the nail beds or fingertips with each cardiac cycle
Hill’s sign Popliteal systolic pressure exceeding brachial pressure by 30–60 mm Hg
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Figure 35-5 Hemodynamics and heart sounds in patients with 
acute and chronic severe aortic regurgitation. 
AML, anterior mitral leaflet; Ao, aortic;  
ECG, electrocardiogram; Echo, echocardiogram; 
EDP, end-diastolic pressure; LA, left atrial; LV, left 
ventricular; PCG, phonocardiogram; PML, posterior 
mitral leaflet. (With permission from Morganroth J, 
Perloff JK, Zeldis SM, Dunkman WB. Acute severe 
regurgitation: pathophysiology, clinical 
recognition, and management. Ann Intern Med. 
1977;87:223–232.)
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opposing factors (“afterload mismatch”) that initially led to the 
development of LV dysfunction.

To derive an improvement in LV function and prognosis 
after surgery, it is critical to identify patients with minimal or 
no symptoms yet of early signs of LV dysfunction and perform 
valve replacement before severe symptoms or LV dysfunction 
develop. Patients with preoperative LV dysfunction or excessive 
chamber dilatation have worse postoperative prognoses than  
do patients who have normal preoperative systolic function. 
Such patients may have no improvement or only a mild improve-
ment after valve replacement, but surgery often will delay the 
course of further deterioration. Although less encouraging, the 
outcome with surgery in such patients is usually still better than 
with medical therapy alone but at a higher risk of perioperative 
complications.

There is controversy, however, about the timing of surgery 
in asymptomatic patients with severe regurgitation. If a patient’s 
routine activity level is low, exercise testing may be considered 
with reclassification of patients as “symptomatic” if functional 
capacity is quite low, symptoms are elicited, or an abnormal 
hemodynamic response is encountered. Augmentation of post-
exercise systolic function may be abnormal but is not prognosti-
cally or diagnostically predictive of outcomes. Surgery is strongly 
recommended in asymptomatic patients with severe aortic 
regurgitation who have a depressed LV ejection fraction (<50%). 
Surgery may be considered in asymptomatic patients with severe 
ventricular dilatation (LV end-systolic dimension >55 mm or 
end-diastolic dimension >75 mm, by echocardiography) or in 
patients who are undergoing surgery on a different valve, the 
aorta, or coronary arteries, but the evidence supporting this is 
not well-established.

The most common surgical procedure is valve replacement, 
but alternative approaches include use of the patient’s  
pulmonary valve (Ross procedure) or valve repair (see Chapter 
41). Valve repair should be performed only in experienced 
centers that can achieve equivalent outcomes with valve  
replacement. Indications for surgery are unchanged regardless 
of the technique anticipated. Concomitant aortic root recon-
struction is often necessary in aortic dissection and Marfan’s 
syndrome.

Avoiding Treatment Errors

If acute aortic regurgitation is suspected, early echocardiogra-
phy leading to early, accurate diagnosis is essential, since delays  
in definitive surgical therapy can lead to poorer outcomes. This 
is critically important in that the physical findings in acute 
severe aortic regurgitation, especially with shock, can be very 
subtle.

Current American College of Cardiology/American Heart 
Association (ACC/AHA) guidelines state that among asymp-
tomatic patients with chronic aortic regurgitation who do not 
meet indications for surgery, vasodilators are not recommended 
in those with mild to moderate regurgitation or those with 
severe regurgitation in whom the LV systolic function and 
cardiac volumes are normal. Vasodilators are also not indicated 
as a substitute for surgical therapy in patients with LV dysfunc-
tion who are otherwise candidates for valve replacement, regard-
less of their symptom status.
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FutuRE diRECtions

Minimally invasive aortic valve replacement surgery is  
becoming more common as surgical techniques are improved. 
Aortic valve replacement can be performed through a small 
incision to the right of the sternum rather than the traditional 
median sternotomy. This approach seems to shorten length of 
stay and recovery periods before returning to normal activity, 
but it is unclear whether there are any long-term advantages  
or hazards. Percutaneous aortic valve replacement is also  
being developed but requires further refinement of devices  
and techniques.
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Mitral Valve Disease

Thomas R. Griggs

M itral valve leaflets consist of thin, pliable, fibrous material. 
The two leaflets—anterior and posterior—open by 

unfolding against the ventricular wall and close by apposition 
when the pressure in the left ventricle becomes greater than that 
in the left atrium. Mitral stenosis occurs when the mitral valve 
leaflets become stiffened, calcified, and unable to open com-
pletely during diastole. This process often involves the chordae 
tendineae in addition to the mitral valve leaflets. Mitral valve 
regurgitation occurs when the leaflets are unable to close com-
pletely in systole. In the United States, more than 20,000 
patients annually require surgery for manifestations of mitral 
stenosis and mitral regurgitation, and thousands more require 
monitoring and treatment.

Etiology anD PathogEnEsis

Mitral Stenosis

Rheumatic fever is responsible for a majority of cases of mitral 
stenosis. The initial infection and its sequelae result in thickened 
valve leaflets and fusion of the commissure between the leaflets. 
Chordae tendineae are also affected and become thickened, 
fused, and shortened. Most valves that are affected by rheumatic 
fever show abnormalities of all these structures. Few patients 
with rheumatic mitral valve disease have pure mitral stenosis; 
most have a combination of stenosis and regurgitation, and 
many have aortic and tricuspid involvement. Approximately two 
thirds of mitral stenosis cases in the United States occur in 
women.

The normal mitral valve cross-sectional area in diastole is 4 
to 6 cm2. Blood flow is impaired when the valve orifice is nar-
rowed to less than 2 cm2, creating a pressure gradient with 
exertion. A valve area smaller than 1 cm2 is considered critical 
mitral stenosis and results in a significant pressure gradient 
across the valve at rest with chronically increased left atrial (LA) 
pressures (Fig. 36-1).

Chronically increased LA pressures associated with mitral 
stenosis, along with ongoing rheumatic inflammation, result in 
LA enlargement and a predisposition for atrial fibrillation. 
Valves affected by mitral stenosis are also vulnerable to recur-
rent thrombosis and implantation of bacteria that lead to infec-
tive endocarditis.

The hemodynamic effects of chronic mitral stenosis include 
pulmonary venous and arterial hypertension; right ventricular 
(RV) hypertrophy, dilation, and failure; peripheral edema; tri-
cuspid regurgitation; ascites; and hepatic injury with cirrhosis 
(Fig. 36-2).

Mitral Regurgitation

Numerous etiologies contribute to mitral regurgitation, includ-
ing mitral valve prolapse, rheumatic heart disease, bacterial or 
fungal endocarditis, and certain collagen-vascular diseases. 

Dysfunction of any component of the mitral apparatus can cause 
mitral regurgitation. Mitral regurgitation also frequently occurs 
in the absence of primary mitral valve disease in patients with 
cardiomyopathy and ventricular dilation. When the cause of 
mitral regurgitation is primarily a valve defect, valve repair or 
replacement can correct the mitral regurgitation and improve 
long-term prognosis. When the valve leaks because the ventricle 
is dysfunctional and dilated, mitral repair or replacement may 
have little or no effect on symptoms or prognosis.

With mitral regurgitation, blood is discharged during systole 
into the left atrium in addition to traveling its usual route 
through the aortic valve and into the aorta. If the regurgitant 
volume is large, LA remodeling occurs with dilation to accom-
modate increased volumes without intolerable LA hypertension 
(Fig. 36-3). Over time, as an increasing fraction of ventricular 
volume is regurgitant, the “forward” ventricular output is 
reduced, and symptoms and other findings of mitral regurgita-
tion become obvious (Fig. 36-4). Patients are generally clinically 
well if the regurgitant fraction (regurgitant volume/total ejec-
tion volume) is less than 0.4. Patients with regurgitant fractions 
greater than 0.5 predictably develop left ventricular (LV) failure 
and have high morbidity and mortality. Any evidence of LV 
failure (LV ejection fraction <60%) is also a critical marker of 
poor prognosis.

Infectious endocarditis, spontaneous rupture of chordae ten-
dineae, or ischemic injury of a papillary muscle may cause acute 
loss of mitral valve integrity and acute mitral regurgitation. In 
these cases of abruptly increased regurgitant flow, because there 
is no adaptation of the left atrium or pulmonary vasculature to 
the increased regurgitant volumes, acute pulmonary edema may 
suddenly occur. Aggressive use of vasodilators is the emergent 
treatment, but survival usually depends on emergency repair or 
replacement of the valve.

CliniCal PrEsEntation

Mitral Stenosis

Patients notice the effects of moderate (valve area = 1–2 cm2) 
mitral stenosis with activity. With severe stenosis, dyspnea  
with minimal exertion and paroxysmal nocturnal dyspnea may 
occur. In some cases a sudden, dramatic onset of atrial fibrilla-
tion produces the first symptoms, occasionally resulting in fatal 
pulmonary edema. When the development of atrial fibrillation 
is clinically silent, the initial event may be a stroke or other 
thromboembolic event. The classic presentation of severe cor 
pulmonale with ascites and edema is rarely seen today except in 
medically underserved populations. Mitral valve disease increases 
the risk for bacterial endocarditis, which should always be con-
sidered when symptoms worsen in a previously stable patient 
with mitral valve disease.

Auscultatory findings in a patient with mitral stenosis include 
a loud first heart sound, an opening snap after the second heart 
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Figure 36-1 Mitral stenosis. AO, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle.
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sound, and a low-pitched diastolic murmur with presystolic 
accentuation if the patient is in sinus rhythm. The opening snap 
is the sound generated by sudden full opening of the mitral 
valve. It reflects the severity of the pressure gradient across the 
mitral valve, because greater LA pressures generate earlier 
opening than do lesser ones. Therefore, the shorter the interval 
from second heart sound to opening snap, the greater the pres-
sure gradient, and the more severe the stenosis.

The characteristic diastolic, low-frequency “rumble” or 
murmur associated with mitral stenosis is best heard at the apex 
with the patient in the left lateral decubitus position and the bell 
over the point of maximal ventricular intensity. The rumble 
occurs throughout diastole, with accentuation in late diastole 
(presystole) in patients who have preserved normal sinus rhythm. 
This murmur can be difficult to hear, and is soft and brief when 
the stenosis is minor. Therefore, heightened awareness of pos-
sible mitral stenosis is necessary. If the murmur is inaudible, it 
can be accentuated by having the patient exercise before auscul-
tation or perform maneuvers such as isometric handgrip. This 
murmur sequence—loud first sound, opening snap, and diastolic 
rumble—is specific for mitral stenosis. Murmurs that mimic 
mitral stenosis include the Austin Flint murmur with aortic 
regurgitation, mitral diastolic murmurs in patients with large 
intracardiac shunts, and occasionally murmurs that are caused 

by an LA myxoma. However, none have all three components 
of classic mitral stenosis.

Electrocardiographic changes in mitral stenosis may range 
from minor ST-segment and T-wave abnormalities to electro-
cardiographic evidence of severe pulmonary hypertension and 
RV enlargement. The ECG pattern of LA and RV enlargement 
is a classic indicator. Atrial fibrillation is common.

Mitral Regurgitation

Mitral regurgitation following sudden catastrophic failure of the 
valve apparatus is almost always immediately and severely symp-
tomatic. In this situation, the regurgitant volume competes for 
systemic blood flow and is simultaneously filling a small, non-
compliant left atrium. This results in pulmonary edema often 
coupled with hypotension or shock. The physical examination 
will reflect the respiratory distress and evidence of poor systemic 
perfusion such as tachycardia, cool extremities, and diaphoresis. 
Importantly, however, the cardiac examination may not be 
helpful. Any systolic murmur may be difficult to hear or be 
absent. Emergent diagnosis usually requires echocardiography.

Conversely, even severe chronic mitral regurgitation may be 
tolerated without symptoms for years. Many cases of chronic 
mitral regurgitation are discovered during routine examinations 
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Figure 36-2 Pathophysiology and clinical aspects of mitral stenosis.
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when the characteristic holosystolic murmur is noticed. Symp-
toms usually begin as dyspnea on exertion. Patients may also 
present with acute pulmonary edema or evidence of RV failure. 
Sudden decompensation can occur with the onset of atrial fibril-
lation or the development of bacterial endocarditis.

With chronic mitral regurgitation, the precordial cardiac 
impulse may be normal or may show a displaced, sustained LV 
impulse with a rapid filling wave. On auscultation the most 
prominent feature is a holosystolic murmur that classically radi-
ates to the axilla. The intensity may not correlate with the 
severity of the mitral regurgitation; even severe mitral regurgi-
tation can be associated with virtually no murmur. ECG changes 
in mitral regurgitation are nonspecific and are primarily changes 
of LV hypertrophy and strain; atrial fibrillation is common.

DiFFErEntial Diagnosis

Primary pulmonary diseases (pneumonia, tuberculosis, chronic 
obstructive lung disease, and pulmonary thromboembolism) 
may present similarly to mitral valve disease, with dyspnea  
on exertion or pulmonary edema. Dyspnea may also be  
present in chronic interstitial pulmonary diseases, pulmonary 
hypertension, and malignancies that involve the chest.  
Other cardiovascular conditions that present similarly include 
ischemic heart disease, congenital heart disease, dilated car-
diomyopathy, and hypertrophic cardiomyopathy. Chronic  
pericardial disease with restriction can cause RV failure that 
mimics the pulmonary hypertension associated with mitral 
valve disease.
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Figure 36-3 Mitral regurgitation. AO, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle.

DiagnostiC aPProaCh

Many pulmonary diseases can be differentiated from mitral 
valve disease by means of chest imaging, including both radiog-
raphy and CT scanning. When an initial evaluation has focused 
the differential diagnosis on mitral valve disease, the most 
helpful clinical tool is echocardiography (see also Chapter 6).

In rheumatic mitral valve disease, echocardiography can 
demonstrate thickening, calcification, poor valve mobility, and 
thickening of subvalvular structures. The degree of valvular 
stenosis or regurgitation can be estimated using Doppler ultra-
sonography. When necessary, the anatomy of the valve and 
subvalvular apparatus can be further defined by transesophageal 
echocardiography. The goals of echocardiography are to evalu-
ate the severity of the stenosis or regurgitation, the mobility of 
the valve, the involvement of subvalvular structures, and the 
degree of calcification, as well as to detect intracardiac thrombi. 
Echocardiography provides information about LV contractile 
function and an accurate estimation of pulmonary artery pres-
sure and RV function. It can also identify bacterial and fungal 
vegetations, intracardiac masses (especially LA myxoma), and 
intraventricular septal defects, conditions that can complicate 
diagnosis of mitral valve disease.

Cardiac catheterization is indicated when there is a question-
able diagnosis, when clinical and echocardiographic findings are 

inconsistent, and in many patients for whom surgical treatment 
is contemplated. Catheterization is performed to quantify the 
mitral valve area, to document key elements of hemodynamics 
such as cardiac output and systemic resistance, to define the 
degree of pulmonary hypertension, and to determine whether 
coronary artery disease is also present.

ManagEMEnt anD thEraPy

Mitral Stenosis

Asymptomatic patients in normal sinus rhythm with mild, 
uncomplicated mitral stenosis require only periodic monitoring 
for symptoms and prophylaxis against rheumatic fever. In symp-
tomatic patients, diuretics can help reduce pulmonary conges-
tion. With mitral stenosis, ventricular filling time is critically 
important; the heart rate should be maintained as low as is 
practical with a β-blocker or a rate-affecting calcium channel 
blocker. Patients with atrial fibrillation must be treated with 
warfarin anticoagulation, unless it is contraindicated.

OPTIMuM TREATMENT

Symptomatic mitral stenosis can be improved by percutaneous 
mitral balloon valvotomy (PMBV), surgical valvotomy, or 
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Figure 36-4 Pathophysiology and clinical aspects of mitral regurgitation.
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surgical replacement of the mitral valve. PMBV is the treatment 
of choice in selected patients in whom there is little valvular 
calcification, little involvement of the subvalvular apparatus, and 
minimal or no mitral valve regurgitation. It is essential to 
exclude LA thrombi by transesophageal echocardiography in 
patients being considered for PMBV. The results of PMBV 
depend in great part on operator experience. Longitudinal 
studies in expert centers have documented event-free survival to 
be greater than 70% at 7 years.

Open valvotomy is a repair procedure that involves direct 
visualization of the valve by the surgeon and facilitates debride-
ment of valve structure and reconstruction of subvalvular appa-
ratus. This approach also permits valve replacement per the 
surgeon’s judgment. Mitral valve replacement is indicated for 
patients with severe mitral stenosis who are not candidates for 

percutaneous commissurotomy or surgical repair (Tables 36-1, 
36-2, and 36-3) (see Chapter 41).

AVOIDING TREATMENT ERRORS

Many patients unknowingly minimize mitral stenosis symptoms 
by adopting a sedentary lifestyle. This situation may be  
suspected following a careful history and documented with  
exercise testing. These patients may benefit greatly from PMBV.  
Alternatively, patients may report severe symptoms despite 
echocardiographic data suggesting mild mitral stenosis. Exercise 
testing with simultaneous echocardiography or catheterization 
is indicated in this situation and may disclose dramatic worsen-
ing of atrial and pulmonary hypertension and the need for 
intervention.
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table 36-1 Management Approach for Patients with Asymptomatic Mitral Stenosis

yearly Follow-up Consider Percutaneous Mitral Balloon Valvotomy

Asymptomatic Mild stenosis (MVA >1.5 cm2)
or
MVA <1.5 cm2 but valve morphology not 

favorable for PMBV

Moderate or severe stenosis (MVA <1.5 cm2)
and
Pulmonary artery systolic pressure >50 mm Hg
or
Exercise test results:
Pulmonary artery pressure >60 mm Hg
Pulmonary artery wedge pressure >25 mm Hg
or
New-onset atrial fibrillation
and
No LA thrombus or significant mitral regurgitation (3+ or 4+)

Recommendations are from Bonow RO, Carabello B, Chatterjee K, et al. Focused update incorporated into the ACC/AHA 2006 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 (Committee on Management of Patients With Valvular Heart Disease). J Am Coll Cardiol. 2008;52:1–142.

LA, left atrial; MVA, mitral valve area; PMBV, percutaneous mitral balloon valvotomy.

table 36-2 Management Approach for Patients with Symptomatic Mitral Stenosis

Periodic Follow-up Consider PMBV

Consider open 
Valvotomy or Mitral 
Valve replacement

Mildly symptomatic 
(NYHA class II)

Mild stenosis (MVA 
>1.5 cm2)

and
Exercise test results:
PASP <60 mm Hg
PAWP <25 mm Hg
MVG <15 mm Hg
or
Valve morphology not 

favorable for PMBV

Mild stenosis (MVA >1.5 cm2)
and
Exercise test results:
PASP >60 mm Hg
PAWP >25 mm Hg
MVG >15 mm Hg
and
Valve morphology favorable for PMBV
and
No LA thrombus or significant mitral 

regurgitation (3+ to 4+)

Moderate or severe 
stenosis (MVA <1.5 cm2)

and
Valve morphology not 

favorable for PMBV
and
Pulmonary pressure 

>60–80 mm Hg

Moderate or severe stenosis 
(MVA <1.5 cm2)

and
Valve morphology not 

favorable for PMBV
and
Pulmonary pressure 

<60 mm Hg

Moderate or severe stenosis (MVA <1.5 cm2)
and
Valve morphology favorable for PMBV
and
No LA thrombus or significant mitral 

regurgitation (3+ to 4+)

Moderately to severely 
symptomatic (NYHA 
class III–IV)

Mild stenosis (MVA  
>1.5 cm2)

and
Exercise test results:
PASP <60 mm Hg
PAWP <25 mm Hg
MVG <15 mm Hg

Moderate or severe stenosis (MVA <1.5 cm2)
and
Valve morphology favorable for PMBV
or
High-risk surgical candidate with less than 

favorable morphology for PMBV
and
No LA thrombus or significant mitral 

regurgitation (3+ to 4+)

Moderate or severe 
stenosis (MVA <1.5 cm2)

and
Valve morphology not 

favorable for PMBV
and
Acceptable surgical risk

Recommendations are from Bonow RO, Carabello B, Chatterjee K, et al. Focused update incorporated into the ACC/AHA 2006 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 (Committee on Management of Patients With Valvular Heart Disease). J Am Coll Cardiol. 2008;52:1–142.

LA, left atrial; MVA, mitral valve area; MVG, mitral valve gradient; NYHA, New York Heart Association; PASP, pulmonary artery systolic 
pressure; PAWP, pulmonary artery wedge pressure; PMBV, percutaneous mitral balloon valvotomy.

Rheumatic fever can affect all heart valves. Therefore, mul-
tiple valve disease must be considered in all patients. Special 
attention should be given to the possibility that echocardiogra-
phy can underestimate the degree of aortic regurgitation in 
patients with severe mitral stenosis. Tricuspid stenosis may be 

similarly underestimated or even undetected and may compli-
cate the immediate postoperative recovery after mitral valve 
repair or replacement.

Atrial fibrillation is a frequent cause of decompensation in 
patients with mitral stenosis and must be anticipated and 
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table 36-3 Management Approach for Patients with Chronic Severe Mitral Regurgitation

Follow-up with Echo Every 6 
Months or Medical therapy Mitral Valve repair Mitral Valve replacement

No subjective symptoms and 
no suggestion of symptoms 
by exercise testing

Normal LV function
 (EF >60% and ESD <40 mm)
and
No new-onset atrial fibrillation
and
No pulmonary hypertension
and
Mitral valve repair unlikely*

LV dysfunction (EF <60%, 
ESD >40 mm)

or
Pulmonary hypertension
or
New-onset atrial fibrillation

LV dysfunction (EF <60%, 
ESD >40 mm)

and
Mitral valve repair not 

possible

Symptoms Severe LV dysfunction
 (EF <30% and/or ESD >55 mm)
and
Chordal preservation not likely

EF >30%
ESD <55 mm

Intervention indicated but 
mitral valve repair not 
possible

Recommendations are from Bonow RO, Carabello B, Chatterjee K, et al. Focused update incorporated into the ACC/AHA 2006 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 (Committee on Management of Patients With Valvular Heart Disease). J Am Coll Cardiol. 2008;52:1–142.

EF, ejection fraction; ESD, end-systolic dimension of the left ventricular chamber; LV, left ventricular.
* Mitral valve repair may be an option for asymptomatic patients with normal LV function in an experienced center.

managed aggressively. Similarly, pregnancy increases require-
ments for cardiac output and requires special planning and man-
agement. In women with rheumatic or congenital mitral stenosis, 
initial symptoms often manifest with pregnancy. Bacterial endo-
carditis should be considered whenever symptoms worsen in 
patients with mitral stenosis.

Mitral Regurgitation

Primary mitral regurgitation is a structural problem causing 
valve incompetency that can only be corrected adequately by 
valve repair or replacement. Therefore, the physician’s primary 
role is to monitor patients with mitral regurgitation for develop-
ment of symptoms and evidence of LV dysfunction, events that 
portend the need for intervention. The most promising medical 
therapies for chronic mitral regurgitation, vasodilators and 
β-blockers, have not been adequately documented to delay the 
need for surgery and thus are not recommended for this purpose 
alone. Aggressive treatment of hypertension is useful in patients 
with chronic mitral regurgitation.

OPTIMuM TREATMENT

The timing of surgical intervention for patients with chronic 
mitral regurgitation is critical. In most cases, mitral regurgita-
tion is well tolerated, and patients are asymptomatic for many 
years. Delaying surgery as long as possible avoids the trauma, 
expense, and risk of surgery. However, every effort must be 
made to proceed with surgery before ventricular function has 
degenerated. LV systolic function is estimated using one of 
several methods for determining the LV ejection fraction. The 
unique accommodating effects of ventricular dilation and myo-
cardial remodeling with chronic mitral regurgitation allow the 
ejection fraction to be preserved late into the disease course; 
therefore, any decrement in ejection fraction may represent a 
considerable decrease in myocardial functional reserve. In 
general, mitral valve surgery should be considered in patients 
with known moderate to severe mitral regurgitation when they 

are symptomatic or there is objective evidence of decreased LV 
function (LV ejection fraction <60%).

Valve repair for severe mitral regurgitation lessens mortality 
and decreases the frequency of complications. Valves must be 
relatively free of calcification and have pliable leaflets with 
chordae tendineae that can be separated, reinforced, or reat-
tached as needed. Placement of a reinforcing mitral ring is 
frequently included in the repair. Valve repair, as opposed to 
replacement, preserves functional subvalvular components, 
including the papillary muscles, and significantly improves post-
operative LV function. Additionally, natural valves are resistant 
to thrombus formation, obviating the need for long-term 
anticoagulation.

AVOIDING TREATMENT ERRORS

Mitral regurgitation resulting from dilated cardiomyopathy is 
caused by dilation of the mitral ring and ventricles with ana-
tomic deformity of the spatial and functional relationship of the 
papillary muscles and chordae tendineae to the mitral valve 
leaflets. In severe LV dysfunction, mitral valve repair or replace-
ment may fail to improve symptoms and is associated with a 
high risk of operative death. New surgical and percutaneous 
approaches for correction of mitral regurgitation in this circum-
stance are in clinical trials to determine safety and efficacy.

Coronary heart disease can cause mitral regurgitation by 
several mechanisms. The mitral valve is tethered to papillary 
muscles that depend on myocardial blood flow. Acute ischemia 
of the papillary muscles can cause temporary mitral regurgita-
tion and be corrected with coronary vascular interventions, 
either surgical or percutaneous. Acute myocardial infarction 
that involves a papillary muscle frequently causes acute, life-
threatening mitral regurgitation, with mortality rates near 30%. 
These are managed, usually surgically, with both repair of the 
valve and subvalvular apparatus and simultaneous revasculariza-
tion. In some circumstances, an infarction results in rupture of 
the tip of the papillary muscle with acute mitral regurgitation. 
This is almost always fatal unless surgically corrected.
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Any structural abnormality of the valve can result in flow 
aberrations that promote deposition of microthrombi. These 
can be the nidus for a bacterial or fungal infection resulting in 
further damage from endocarditis (Fig. 36-5). Endocarditis can 
affect valve competency because of interference in valve func-
tion by vegetations or by destruction or fenestration of the  
valve leaflets. Although endocarditis is usually managed with 
antibiotics, the damage effected by the bacteria is permanent,  
as is the resultant mitral regurgitation. Indications for surgery 
after cured bacterial endocarditis are identical to those for other 
causes for mitral regurgitation. In addition, acute surgical care 
is indicated for extremely large vegetations, when heart failure 
is otherwise unmanageable, when a myocardial abscess is docu-
mented, and for patients with persistent bacteremia.

FuturE DirECtions

Improving worldwide morbidity and mortality associated with 
rheumatic heart disease necessitates better systems of hygiene 
and improved prophylactic treatment of streptococcal infection, 
especially the current drug-resistant strains. Mitral regurgita-
tion’s prevalence will increase as the population ages, spurring 
improvements in several areas: imaging with more accurate esti-
mates of ventricular reserve, surgical technology with early 
repair of severely regurgitant valves, balloon valvotomy with 

Adhesion of mitral valve 
cusp to ventricular wall 
resulting from vegetations 
on undersurface of valve

Bacterial vegetations first appear along 
“contact line” of mitral valve but spread
to involve atria and chordae tendineae
with subsequent rupture and shrinkage
of the latter.

Perforation of 
aortic valve cusp

Bacterial perforation 
of anterior mitral cusp

Late sequelae of bacterial endocarditis may 
result in mitral regurgitation via destruction 
of mitral valve cusps or by widening of 
annular valve ring due to left ventricular 
enlargement due to aortic insufficiency

Left ventricular 
hypertrophy

Thickening and erosion of mitral valve with stumps 
of ruptured chordae tendineae resulting in valvular 
incompetence, regurgitation, and atrial enlargement

Valve adhesion to ventricular wall
Acute Chronic

Vegetations of bacterial 
endocarditis on underside 
as well as atrial surface of 
mitral valve

Figure 36-5 Bacterial endocarditis in mitral valvular disease.

improved patient selection and equipment, and minimally inva-
sive surgical techniques with reduced recovery time and morbid-
ity. Better treatment for atrial fibrillation and improved therapies 
for prevention of thrombosis will greatly improve the quality of 
life for patients with mitral valve disease and valve prostheses.
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Mitral Valve Prolapse

Lee R. Goldberg and Park W. Willis IV

M itral valve prolapse (MVP) is the most common form of 
congenital heart disease in adults, affecting 4% to 5% of 

the U.S. population. MVP refers to the superior and posterior 
displacement of one or both mitral leaflets into the left atrium 
during systole. Although MVP is usually benign, important 
complications, including infective endocarditis and severe mitral 
regurgitation, can occur.

MVP can be classified as primary, secondary, or functional. 
Primary MVP occurs in the absence of connective tissue disease. 
Myxomatous degeneration of the tricuspid valve may be present, 
and the aortic and pulmonic valves are sometimes involved. 
Primary MVP can be associated with skeletal abnormalities, von 
Willebrand’s disease, and hypomastia. Secondary MVP occurs 
in the presence of a known connective tissue disorder, such as 
Marfan’s syndrome, Ehlers-Danlos syndrome, adult polycystic 
kidney disease, osteogenesis imperfecta, and pseudoxanthoma 
elasticum. The pathologic changes of the mitral valve apparatus 
are identical to those found in primary MVP. In functional 
MVP the mitral valve is anatomically normal, but both superior 
and posterior displacement of the valve can occur secondary to 
other cardiac conditions. Causes of functional MVP include a 
dilated mitral annulus and ischemic papillary muscle dysfunc-
tion. In hypertrophic cardiomyopathy, the left ventricular (LV) 
cavity may be too small to accommodate the mitral valve, 
causing functional MVP. In atrial septal defect, left-to-right 
shunting and right ventricular chamber dilation secondary to 
volume overload can result in a small left ventricle and func-
tional MVP.

Etiology and PathogEnEsis

The etiology of MVP is unknown. There is a familial form of 
MVP in which transmission occurs in an autosomal-dominant 
fashion, with variable penetrance. However, there is no single, 
or group of, genetic abnormalities thought to be responsible for 
MVP. Pathologic findings in primary and secondary MVP often 
involve the mitral leaflets and the chordae tendineae. Typical 
gross pathologic findings include thickened, redundant mitral 
leaflets and elongated chordae tendineae.

Although both the anterior and posterior mitral leaflets may 
be affected, the middle scallop of the posterior leaflet is most 
commonly involved in the myxomatous process. Histologic 
examination of the mitral valve leaflets reveals interruption of 
collagen bundles and an accumulation of acid mucopolysaccha-
rides within the spongiosa layer.

CliniCal PrEsEntation

The clinical presentation of MVP is highly variable. Most 
patients with MVP are asymptomatic. The most common com-
plaint is atypical chest pain. Other nonspecific symptoms associ-
ated with MVP include palpitations, dizziness, dyspnea, anxiety, 
numbness, and tingling. There is ongoing controversy about 

whether these complaints are caused by MVP, as was initially 
reported, or are a coincidental finding. It is quite possible that 
the original descriptions of MVP were probably influenced by 
selection bias. Several subsequent studies have not shown a truly 
increased frequency of symptoms such as chest pain, dyspnea, 
or dizziness.

MVP is usually discovered incidentally on routine physical 
examination, and cardiac auscultation is the key to making the 
clinical diagnosis. One or more nonejection systolic clicks in 
midsystole or late systole with or without a late systolic murmur 
are characteristic of MVP. The systolic click, or clicks, heard  
in MVP are thought to originate from the chordae tendineae 
snapping as the mitral leaflets bow into the left atrium. Multiple 
systolic clicks can cause a scratching sound occasionally likened 
to a pericardial friction rub. Mitral regurgitation at the time of 
leaflet prolapse results in late systolic murmur. This murmur 
typically has a crescendo contour and envelops the second heart 
sound (S2). It is commonly preceded by a nonejection click but 
may occur alone. A late systolic murmur usually indicates mild 
mitral regurgitation; with more significant mitral regurgitation, 
the murmur can be pansystolic and a click may not be audible. 
Although late systolic accentuation is often preserved, the 
murmur can become indistinguishable from the murmur related 
to mitral regurgitation from other causes. In the case of poste-
rior leaflet prolapse, the mitral regurgitant flow is commonly 
directed anteriorly toward the aortic root and the murmur may 
be transmitted along the left sternal border and to the aortic 
area. With anterior leaflet prolapse, the murmur radiates to the 
left axilla and back.

MVP is a dynamic, load-dependent phenomenon, and the 
most sensitive and specific physical diagnostic criteria are based 
on characteristic postural changes in auscultatory findings. A 
complete examination with the patient in the supine, standing, 
and sitting positions is required to alter hemodynamics and 
ventricular loading conditions and thus detect the characteristic 
findings with the highest degree of accuracy. The postural aus-
cultatory changes are related primarily to changes in LV volume, 
augmented by alterations in heart rate and myocardial contrac-
tility. Generally, measures that decrease LV volume produce 
earlier and more prominent systolic prolapse of the mitral leaf-
lets, causing the systolic click and murmur to move closer to the 
first heart sound (S1) (Fig. 37-1).

diffErEntial diagnosis

The differential diagnosis of a nonejection systolic click includes 
ejection sounds arising from the aortic and pulmonic valves, 
splitting of S1 or S2, and clicks arising from nonvalvular struc-
tures such as an atrial septal aneurysm, pericardial sounds, and 
clicks heard in patients with a pneumothorax. Aortic and pul-
monic ejection sounds are high-frequency sounds that occur in 
early systole. An aortic ejection sound is best heard with the 
diaphragm of the stethoscope and simulates wide splitting of S1. 
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figure 37-1 Auscultation in mitral valve prolapse. C, click; 
SM, systolic murmur.
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click occurs earlier in systole.
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of the systolic murmur
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Though audible over the entire precordium, these sounds are 
usually loudest at the mitral area, where the S1–ejection click 
sequence is commonly mistaken for a fourth heart sound fol-
lowed by S1. Pulmonary ejection sounds can be difficult to dif-
ferentiate from the splitting of S1, but the characteristic loud 
and “clicky” quality of these sounds, exaggerated in the expira-
tory phase of respiration and disappearing on inspiration, is  
a reliable diagnostic feature. Ejection clicks are not perceptibly 
affected by altering preload with postural changes. Because  
the ejection clicks occur as the semilunar valve opens, they 
precede the carotid upstroke, whereas the nonejection clicks of 
MVP occur afterward. A midsystolic click can occur with an 
atrial septal aneurysm. In this circumstance there is no associ-
ated late systolic murmur. Clicking pneumothorax can mimic 
MVP, but extra sounds do not show a consistent relationship to 
the cardiac cycle and can also occur in diastole. For this reason, 
a prolonged period of continuous cardiac auscultation is useful 
in diagnosis.

diagnostiC aPProaCh

When the diagnosis of MVP is made by cardiac auscultation, 
transthoracic echocardiography can be useful to confirm the 
physical findings. Both two-dimensional and M-mode tech-
niques are sensitive in detecting MVP. Echocardiography pro-
vides additional information, including the degree of leaflet 
prolapse, the severity of the mitral regurgitation, and the thick-
ness of the mitral leaflets (Fig. 37-2). The improvement in 
echocardiographic methods and technology and changing diag-
nostic criteria have resulted in a degree of variability in the 
clinical interpretation of the information generated. Today, far 
fewer patients are diagnosed as having MVP than were diag-
nosed 20 years ago. However, the load-dependent nature of 
MVP does make its diagnosis more difficult, because patients 
routinely are studied in a supine position.

The originally described M-mode criteria for MVP required 
displacement of the mitral leaflet echo beyond the CD segment 
in systole. Either 3 mm of holosystolic displacement or 2 mm 
of late systolic displacement were sufficient to meet M-mode 
criteria for MVP. Because of the saddle shape of the mitral 
annulus, the diagnosis of MVP by two-dimensional echo is 
limited to parasternal long-axis views. Prolapse in the paraster-
nal long axis is defined by the bowing of mitral leaflets beyond 
an imaginary line that connects the anterior and posterior 
annular hinge points. Prolapse greater than 2 mm beyond  
this line is diagnostic of MVP. “Classic” MVP is present in 
patients with at least 2 mm of leaflet displacement and a leaflet 
thickness of at least 5 mm. Close correlation of echocardio-
graphic features with clinical findings, and recognition that 
important complications such as mitral regurgitation, infective 
endocarditis, and the need for surgery have been associated with 
leaflet redundancy and thickening, have led to concentration on 
the echocardiographic valvular morphology and the degree of 
displacement. Today, the echocardiographic diagnosis of MVP 
relies on a combination of all of these methods.

ECG abnormalities reported in MVP include atrial and ven-
tricular arrhythmias, prolonged QT interval, nonspecific ST-
segment and T-wave changes, and T-wave inversion in the 
inferior frontal plane leads. However, several studies have failed 



CHAPTER 37 • Mitral Valve Prolapse 315

figure 37-2 Diagnosis of mitral valve prolapse.
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to show consistent diagnostic or clinically useful ECG abnor-
malities in patients with MVP, and for this reason, the ECG is 
not useful in diagnosing this entity. Ambulatory ECG recording 
(Holter monitoring) can document arrhythmias in patients who 
present with symptoms of palpitation. It is important to tempo-
rally correlate symptoms with arrhythmias on Holter. Chest 
radiography is of little use in diagnosing MVP, but with hemo-
dynamically important mitral regurgitation there may be radio-
graphic evidence of left atrial and LV chamber dilation and 
pulmonary venous congestion.

CoMPliCations

The clinical course and the prognosis are favorable for most 
patients with MVP. The survival rate in patients with MVP is 
similar to the survival rate in an age- and sex-matched popula-
tion without MVP. The risk of serious cardiac complications is 
approximately 1% per year. Rarely, patients with MVP may 
present with a cardiac arrhythmia, infective endocarditis, or 
severe mitral regurgitation and subsequent congestive heart 
failure. The most important risk factors for the development of 
complications are age older than 45 years, male sex, a pansystolic 
murmur of mitral regurgitation, and dilation of the left-sided 
heart chambers. Echocardiographic predictors of an increased 

risk of complications include mitral leaflet redundancy and 
thickening and significant mitral regurgitation.

The link between MVP and the development of arrhythmias 
is controversial. Nevertheless, symptoms of palpitations com-
monly prompt otherwise healthy patients to seek medical atten-
tion. This can lead to coincidental diagnosis of MVP based on 
physical or echocardiographic findings. Although many studies 
have suggested that patients with MVP are at increased risk for 
premature atrial beats, supraventricular tachycardia, and prema-
ture ventricular beats, these reports were probably influenced 
by selection bias. The association between MVP and the devel-
opment of arrhythmias is probably related most directly to  
the presence of severe mitral regurgitation. Patients with sig-
nificant mitral regurgitation have an increased risk of ventricular 
arrhythmias, ventricular tachycardia, and sudden cardiac death. 
The risk is approximately the same whether MVP is the etiology 
of the severe mitral regurgitation or the mitral regurgitation  
is from another cause. There is no convincing evidence that 
patients with MVP, but without severe mitral regurgitation, 
have a higher incidence of arrhythmias than the general popula-
tion. Atrial fibrillation is usually a complication of progressive 
and severe mitral regurgitation, but it occasionally complicates 
the clinical course in patients with lesser degrees of hemody-
namic disturbance.
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It has been reported that patients with MVP have a fivefold 
greater risk for the development of infective endocarditis as 
compared with normal controls. However, the most recent 
American College of Cardiology/American Heart Association 
(ACC/AHA) guidelines on infective endocarditis do not recom-
mend antibiotic prophylaxis for either asymptomatic or symp-
tomatic patients with MVP.

By virtue of its prevalence in the general population, MVP 
is probably the most common cardiac condition predisposing to 
infective endocarditis. In patients with MVP, a holosystolic 
murmur of mitral regurgitation is the strongest risk factor for 
the development of infective endocarditis. Mitral leaflet thick-
ening of 5 mm or more, measured in diastole when the mitral 
valve is not under extreme tension, has also been associated with 
an increased risk. Additional risk factors for this complication 
include older age and male sex. For many years these factors  
led to the recommendation that patients with MVP receive 
antibiotic prophylaxis for certain procedures. However, the 
absolute risk for this complication continues to be low. Assum-
ing that 4% of the population is affected with MVP, only an 
estimated 1 in 5700 patients with MVP develops infective endo-
carditis each year. The presence of mitral regurgitation substan-
tially increases the risk for the development of infective 
endocarditis to 1 in 1900 patients. In the absence of a murmur 
of mitral regurgitation, the incidence of infective endocarditis 
is no greater in patients with MVP than it is in the general 
population.

Mitral regurgitation is a frequent finding in patients  
with MVP because leaflet prolapse results in inadequate coapta-
tion and secondary mitral regurgitation. Most patients have  
only trace or mild regurgitation. However, an estimated 2%  
to 7% of MVP patients have hemodynamically significant mitral 
regurgitation. Prospective studies show that the risk for the 
development of severe mitral regurgitation requiring mitral 
valve repair or replacement is less than 1% per year. The esti-
mated cumulative risk is 4% for men and 1% for women by  
age 70 years. Systemic arterial hypertension can accelerate 
degenerative change in the mitral apparatus, increasing the risk 
for the development of severe mitral regurgitation requiring 
surgery. Patients with poorly controlled blood pressure may be 
at risk for acute or subacute progression of mitral regurgitation 
from rupture of the chordae tendineae. Because of the high 
prevalence of MVP in the population, even a small percentage 
of patients with significant mitral regurgitation constitutes  
a relatively large number of cases of mitral regurgitation. In  
fact, MVP is the most common cause of operative mitral valve 
repair or replacement for isolated mitral regurgitation in the 
United States.

ManagEMEnt and thEraPy

Optimum Treatment

The management of mitral regurgitation secondary to MVP 
depends on the magnitude of the hemodynamic derangement. 
Patients with mild mitral regurgitation can be followed with  
an annual physical examination. Repeat echocardiography is 
indicated only if symptoms develop or if physical findings 
change. Asymptomatic patients with moderate to severe mitral 

regurgitation should undergo annual physical examination and 
echocardiography for assessment of ventricular contractile per-
formance. The development of resting LV dysfunction (ejection 
fraction ≤60%) or LV end-systolic dimension greater than or 
equal to 45 mm should prompt referral for valve repair or 
replacement. Patients with severe mitral regurgitation and 
symptoms of congestive heart failure are best treated with surgi-
cal intervention. However, in patients with severe mitral regur-
gitation and LV dysfunction, surgery can be contraindicated 
because the left ventricle may be unable to function once mitral 
regurgitation is eliminated.

In 2008, the AHA altered recommendations with respect to 
MVP and infective endocarditis prophylaxis. Although patients 
with MVP and coexistent mitral regurgitation do have an 
increased risk for developing infective endocarditis, the actual 
number of MVP patients who develop infective endocarditis 
remains very low. Furthermore, the prognosis of patients with 
MVP and infective endocarditis is favorable when compared 
with patients with congenital heart disease, prosthetic heart 
valves, and other conditions in which infective endocarditis pro-
phylaxis is now recommended. Finally, the risk of a serious 
reaction from antibiotic use is not trivial, and the emergence of 
drug-resistant bacterial strains is a reason to curtail unnecessary 
antibiotic use. For the previous reasons, infective endocarditis 
prophylaxis is no longer recommended in patients with MVP, 
even in the presence of significant mitral regurgitation.

The management of patients with MVP consists largely  
of reassurance about the generally benign course of the disease. 
A transthoracic echocardiographic examination is indicated  
at initial diagnosis to assess the valvular morphology, the degree 
of mitral regurgitation, the LV contractile performance, and  
the associated structural cardiac disease. Asymptomatic patients 
without mitral regurgitation may be followed at 2- to 3-year 
intervals by physical examination. The development of a new 
murmur or symptom is an indication for repeat echocardiogra-
phy. Serial echocardiographic studies are indicated to assess  
LV contractile performance and the degree of hemodynamic 
derangement in patients with moderate or severe mitral 
regurgitation.

Avoiding Treatment Errors

The high incidence of chest pain and palpitations in patients 
with MVP poses a common diagnostic and therapeutic chal-
lenge. In general, the evaluation and treatment of chest pain in 
individuals with MVP should not be different from that utilized 
in other patients. Clinicians should avoid attributing symptoms 
of atypical noncardiac chest pain to the presence of MVP.  
Palpitations in patients with MVP are most commonly the result 
of premature atrial and ventricular contractions. A standard 
ECG may be sufficient to establish the diagnosis when a patient 
is experiencing palpitations at the time of a clinical evaluation. 
Less frequent symptoms can be investigated with ambulatory 
electrocardiographic monitoring techniques; these relatively 
simple and inexpensive methods usually provide reassuring 
information, and further studies are rarely necessary. Abstinence 
from alcohol and caffeine can reduce the frequency of palpita-
tions, and some studies of MVP patients suggest that symptoms 
improve after the initiation of a regular exercise program. 
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Because the majority of patients can be managed effectively  
with simple reassurance about their benign condition, prema-
ture initiation of pharmacologic therapy should be avoided. 
However, low-dose β-blocker therapy can be helpful for 
patients with refractory symptoms. The presence of an impor-
tant arrhythmia discovered on ambulatory monitoring may be 
an indication for an electrophysiology study or antiarrhythmic 
therapy.

futurE dirECtions

MVP is a common clinical condition. As detection continues  
to increase through heightened awareness, improved physical 
diagnostic skills, and wider application of modern cardiac 
imaging techniques, primary care physicians will have opportu-
nities to risk-stratify patients and to educate them in the preven-
tion of complications related to MVP. As a result of accumulated 
surgical experience and innovative techniques, the threshold for 
operative repair is decreasing for patients with severe mitral 
regurgitation. The development of more sophisticated imaging 
methods will help cardiologists and cardiac surgeons to identify 
more precisely the best type of repair and the optimal timing of 
operative intervention.
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Tricuspid and Pulmonic Valve Disease

David A. Tate

A cquired disease of the right-sided cardiac valves is 
much less common than disease of the left-sided valves, 

possibly because of the relatively lower pressures and hemody-
namic stress to which the right-sided valves are subjected. 
Indeed, right-sided valvular dysfunction is usually seen when 
morphologically normal valves are subjected to abnormal hemo-
dynamic stresses, such as pulmonary hypertension. Tricuspid 
and pulmonic valvular abnormalities are also part of numerous 
congenital syndromes (discussed in Section VIII). This chapter 
focuses on acquired abnormalities of the right-sided cardiac 
valves, and, because it is frequently diagnosed in adults,  
pulmonic stenosis.

TricusPiD sTenosis

Etiology, Pathogenesis,  
and Differential Diagnosis

Tricuspid stenosis is uncommon. Most cases are due to rheu-
matic heart disease. When rheumatic tricuspid stenosis is 
present, it is generally associated with mitral stenosis, which 
usually accounts for most of the presenting signs and symptoms. 
Carcinoid heart disease may also cause tricuspid stenosis, and 
the signs and symptoms may be mimicked by tumors (myxoma 
or metastasis), or vegetations that obstruct right ventricular 
(RV) inflow, particularly those associated with pacemaker leads 
(Box 38-1).

Clinical Presentation

The symptoms of tricuspid stenosis are mainly due to increased 
systemic venous pressure that results from a hemodynamically 
significant tricuspid valve lesion (Fig. 38-1). Peripheral edema, 
ascites, hepatic enlargement, and right upper quadrant discom-
fort may develop with chronic tricuspid stenosis or regurgita-
tion. Decreased cardiac output may cause pronounced fatigue, 
and an occasional patient will complain of the appearance  
or sensation of the prominent a wave in the jugular veins, 
which results from increased jugular venous pressure due to 
impaired RV filling during atrial systole. The murmur of tricus-
pid stenosis is a low-pitched diastolic murmur at the lower left 
sternal edge. However, this is often obscured by or difficult to 
differentiate from the usually associated mitral stenosis murmur. 
The physical examination, however, may demonstrate the pres-
ence of tricuspid stenosis in patients with mitral stenosis, includ-
ing when there is accentuation of the diastolic murmur during 
inspiration (as is the case for most right-sided murmurs), a 
prominent a wave in the jugular venous pulse, or both. An 
opening snap is occasionally appreciated but may be difficult to 
distinguish from that of coexistent mitral stenosis. When appre-
ciated, it is usually heard following and more medial to the 
mitral opening snap.

Diagnostic Approach

Useful diagnostic studies include chest radiography, ECG, and 
echocardiography with Doppler evaluation. Right atrial (RA) 
enlargement is frequently evident on radiographs and is mani-
fest on the ECG as a large peaked P wave in lead II (Fig. 38-2). 
Because of the increased RA pressure, atrial fibrillation is  
often present.

Echocardiography typically reveals thickened tricuspid  
leaflets, decreased mobility, scarred chordae, and sometimes 
doming, if the tricuspid valve leaflets remain pliable. Carcinoid 
heart disease is associated with a distinctive morphology of a 
thickened tricuspid valve that is narrowed and fixed in the open 
position. Doppler evaluation allows estimation of the diastolic 
pressure gradient by the modified Bernoulli equation. Cardiac 
catheterization is generally not necessary for the diagnosis of 
tricuspid stenosis, but when performed it calls for separate, 
simultaneous catheters in the right atrium and ventricle. If 
cardiac output is low, tricuspid gradients may also be low and 
are not adequately evaluated with use of a catheter pullback. 
Clinically significant tricuspid stenosis is usually associated with 
a valve area 1.5 cm2 or less.

Management and Therapy

Initial treatment of tricuspid stenosis includes diuretics and 
nitrates to relieve venous congestion. Refractory cases have tra-
ditionally required open tricuspid valve repair or replacement, 
and concomitant mitral valve disease has primarily determined 
the indication and timing for surgery. A surgical approach may 
also be indicated for debulking of obstructive tumors or myxoma. 
However, while no randomized trials are available given the 
relatively low prevalence of this condition, published studies do 
suggest that percutaneous techniques are effective and safe, 
either as therapy for isolated tricuspid stenosis or for combined 
mitral and tricuspid disease, and referral to experienced centers 
should be considered. Percutaneous therapy should generally 
not be undertaken, however, if there is more than mild associ-
ated tricuspid regurgitation, as is often the case.

TricusPiD regurgiTaTion

Etiology and Pathogenesis

Tricuspid regurgitation may be due to primary disease of the 
valve apparatus or diseases causing pulmonary hypertension 
with secondary annular dilatation. Secondary tricuspid regurgi-
tation is seen in any condition associated with increased pulmo-
nary artery pressures, and is the predominant cause of tricuspid 
regurgitation. The most common secondary causes are left ven-
tricular failure, mitral regurgitation, mitral stenosis, primary 
pulmonary disease, and primary pulmonary hypertension. The 
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Box 38-1 Differential Diagnosis of Acquired 
Tricuspid Stenosis

RA myxoma causing RV inflow obstruction
Metastatic disease causing RV inflow obstruction
Bacterial endocarditis of pacemaker leads or prosthetic 

valves
Congenital stenosis or atresia

RA, right atrial; RV, right ventricular.

Figure 38-1 Tricuspid stenosis and/or insufficiency.
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rare causes of primary tricuspid regurgitation include rheumatic 
heart disease, myxomatous disease (prolapse), infective or 
marantic endocarditis, carcinoid heart disease, iatrogenic injury 
during endomyocardial biopsy or placement of pacemaker or 
defibrillator leads, and trauma.

Clinical Presentation

Symptoms are often due to associated left-sided heart disease or 
pulmonary disease. Prominent signs and symptoms of right-
sided heart failure suggest tricuspid regurgitation as a compo-
nent. A patient will occasionally present with a pulsatile sensation 

in the neck. Endocarditis or carcinoid syndrome may be  
associated with characteristic systemic symptoms.

Jugular venous pressure is usually increased, and there is a 
prominent cv wave produced by regurgitant flow into the right 
atrium. The typical murmur is holosystolic and located at the 
left sternal edge or subxiphoid area. The murmur is generally 
of very low intensity, and indeed may be absent even in the 
presence of severe regurgitation. Augmentation of the murmur 
with inspiration (due to increased venous return) helps distin-
guish tricuspid from mitral regurgitation. When severe RV 
enlargement is present, a right-sided S3 may be appreciated, 
which will also be accentuated with inspiration.

Diagnostic Approach

Chest radiography often reveals RV enlargement manifested as 
filling of the retrosternal space. Dilation of the right ventricle 
often causes incomplete or complete right bundle branch block, 
seen on the ECG.

Doppler echocardiography is helpful in evaluating tricuspid 
regurgitation. Two-dimensional echocardiography evaluates 
the structure of the valvular apparatus and size of the right 
atrium and ventricle. Pulse-wave or color flow Doppler reveals 
the presence, direction, and magnitude of the regurgitant jet. 
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Figure 38-2 Right atrial enlargement. COPD, chronic 
obstructive pulmonary disease.
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Severe regurgitation is generally associated with systolic flow 
reversal in the hepatic veins and a vena contracta width (the 
narrowest portion of the regurgitant jet) greater than 0.7 cm. 
Finally, continuous-wave Doppler and the modified Bernoulli 
equation can be used to estimate the RV and pulmonary  
artery systolic pressures. In tricuspid regurgitation, the gradient 
between the right ventricle and the right atrium during systole 
equals four times the square of the velocity. This gradient is 
then added to the estimated RA pressure (the jugular venous 
pressure) to estimate RV systolic pressure. In the absence of 

pulmonic stenosis, this also equals pulmonary systolic pressure. 
It is important to recognize that this calculation estimates the 
severity of the pulmonary hypertension, not the volumetric 
severity of the tricuspid regurgitation itself.

Management and Therapy

The mainstay of therapy for tricuspid regurgitation is  
treatment of the condition causing pulmonary hypertension. 
Diuretics may be useful for refractory fluid retention. Tricuspid 
annuloplasty, generally including placement of a semirigid  
prosthetic valvuloplasty ring, is occasionally necessary for 
patients whose condition is refractory to medical therapy. More 
commonly it is performed at the time of operation for concur-
rent left-sided valvular disease. In this circumstance, tricuspid 
annuloplasty should be performed in patients with severe tricus-
pid regurgitation. If the left-sided disease is mitral valve  
prolapse, however, even mild tricuspid regurgitation should  
be repaired, because myxomatous involvement often leads to 
progressive regurgitation. Rarely, tricuspid valve replacement  
is necessary, and in this circumstance bioprostheses are  
favored because the tricuspid valve may be relatively prone to 
thrombosis.

Pulmonic sTenosis

Etiology and Pathogenesis

RV outflow obstruction may be subvalvular, valvular, or supra-
valvular (Fig. 38-3). Both the subvalvular and the supravalvular 
forms of RV outflow obstruction are usually associated with 
other congenital heart disease, as discussed in Section VIII. 
True valvular pulmonic stenosis, however, usually occurs as an 
isolated congenital defect. In addition, it may occur as the sole 
cardiac abnormality in patients with Noonan’s syndrome. 
Rarely, pulmonic stenosis is due to rheumatic disease, endocar-
ditis, or carcinoid syndrome.

Clinical Presentation

Patients with pulmonic stenosis are often asymptomatic.  
Patients may reach the fourth through sixth decades of life with 
significant pressure gradients across the pulmonic valve but with 
no symptoms and no evidence of right-sided heart failure. If 
right-sided heart failure does develop, abdominal swelling, 
peripheral edema, abdominal discomfort, and fatigue may be 
present. Patients seldom present with chest pain or exertional 
syncope.

The physical examination typically reveals a mid systolic 
crescendo-decrescendo murmur at the left sternal edge. Often, 
an associated ejection click, which usually decreases with inspi-
ration, is present. P2 is soft and delayed, producing a widely split 
S2, but one that does narrow with appropriate physiologic 
changes (unlike the fixed, widely split S2 present in patients with 
an atrial septal defect). Occasionally, a right-sided S4 is appreci-
ated at the left sternal border. An RV lift may also be present. 
If RV failure is present, there may be peripheral edema, hepa-
tomegaly, abdominal swelling, and jugular venous distention 
with a prominent a wave.
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Figure 38-3 Pulmonary valvular stenosis and atresia.

Complete atresia of 
pulmonary valve

Bicuspid pulmonary valve

Stenotic pulmonary valve
viewed from above:
Poststenotic dilatation
of pulmonary trunk

Pulmonary valvular stenosis
with intact septum: Hypertrophy
of right ventricle

Diagnostic Approach

Electrocardiography may be normal with mild-to-moderate  
stenosis, but in more severe cases will often reveal right-axis 
deviation, RA enlargement, and RV hypertrophy. A complete 
or incomplete right bundle branch block is sometimes present, 
although patients with Noonan’s syndrome characteristically 
have a left bundle branch block. Chest radiography reveals  
poststenotic dilatation of the pulmonary artery but diminished 
peripheral pulmonary vascular markings. RV hypertrophy and 
enlargement are highly variable.

Echocardiography with Doppler evaluation is useful for 
establishing the diagnosis and assessing therapy. Morphologic 
assessment is best performed with the parasternal short-axis  
and subcostal views and will generally reveal thickened but 
pliable leaflets with restricted motion and doming. Occasionally, 
patients will have more severe thickening with severely dysplas-
tic valves. This is important to recognize, because such patients 
are not well-suited to percutaneous valvuloplasty. Transesopha-
geal echocardiography is not usually necessary but can be per-
formed if a transthoracic study fails to provide an adequate 
assessment. The right ventricle may be normal, particularly in 
childhood, but stenosis of long duration, greater severity, or 
both is usually associated with RV hypertrophy and enlarge-
ment. Paradoxical motion of the interventricular septum is often 
present. Continuous-wave Doppler evaluation is highly reliable 
in establishing the gradient across the pulmonic valve. Cardiac 
catheterization is usually not necessary but may be performed if 
Doppler studies are suboptimal or immediately before (and 
after) planned balloon valvuloplasty.

Management and Therapy

Adult patients with mild pulmonic stenosis generally do well and 
require no intervention. More severe disease is appropriately 
treated with balloon valvuloplasty, which is highly effective.  
The 2006 American College of Cardiology/American Heart 
Association guidelines recommend percutaneous valvuloplasty 
in symptomatic young adults with a systolic gradient greater 
than 30 mm Hg and asymptomatic patients with a systolic gradi-
ent greater than 40 mm Hg.

Pulmonic regurgiTaTion

Etiology and Pathogenesis

A minor degree of pulmonic valve regurgitation evident by 
Doppler echocardiography is an essentially normal finding 
present in many healthy individuals. Moderate or severe regur-
gitation is usually secondary to severe pulmonary hypertension 
(either primary or secondary), pulmonary artery dilatation, or 
both. Rarely, it is secondary to endocarditis, carcinoid syn-
drome, rheumatic heart disease, trauma, Marfan’s syndrome, or 
congenital valvular abnormalities.

Clinical Presentation

Accordingly, the dominant symptoms in pulmonic regurgitation 
are usually those of the underlying disease process. Patients 
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without severe underlying disease are often asymptomatic. 
However, patients with severe pulmonic regurgitation may  
ultimately have typical symptoms and signs of right-sided  
heart failure.

The characteristic physical finding is a decrescendo diastolic 
murmur, loudest at the left third and fourth intercostal spaces, 
which increases with inspiration. S2 is usually widely split with 
an accentuated pulmonic component if there is significant  
pulmonary hypertension. In the absence of pulmonary hyper-
tension, the murmur is low-pitched. The more common  
high-pitched murmur associated with a prominent P2 in the 
presence of severe pulmonary hypertension is the classic Graham 
Steell murmur. There is occasionally an associated cresendo-
decrescendo systolic murmur from increased flow across the 
valve, or a holosystolic murmur due to coincident tricuspid 
regurgitation. Jugular venous distention and signs of right-sided 
heart failure may be apparent.

Diagnostic Approach

The findings on ECG and chest radiography are generally those 
of the underlying disease and of RV hypertrophy and dilatation. 
Echocardiography with Doppler can identify and grossly quan-
titate pulmonic regurgitation and assess the size and contractil-
ity of the right ventricle. Regurgitation is considered severe 
when the color Doppler jet fills the RV outflow tract and there 
is a dense continuous-wave Doppler signal associated with rapid 
deceleration.

Management and Therapy

Treatment is generally directed at the underlying disease 
process. Rarely, valve surgery will be necessary for severe regur-
gitation and progressive right heart failure. Occasionally, valve 
surgery will be necessary when the valve is damaged at the time 
of other surgery on the RV outflow tract, as in tetralogy of 
Fallot. In the absence of other indications, pulmonic regurgita-
tion does not require endocarditis prophylaxis for dental 
procedures.

FuTure DirecTions

The treatment of pulmonic and tricuspid valve disease will  
continue to benefit from the steady evolution of percutaneous 
techniques. Pulmonic valvuloplasty was introduced in the  
early 1980s. Follow-up studies confirm the continued long-term 
effectiveness of a percutaneous approach. It is clear that most 
patients have a subsequent further decrease in the RV outflow 
gradient due in part to resolution of infundibular hypertrophy. 

This success has led to a generally lower threshold for interven-
tion with each iteration of guidelines. With respect to tricuspid 
stenosis, valvuloplasty techniques that use multiple balloons or 
the newer Inoue balloon appear promising.

aDDiTional resources

American Heart Association [home page on the Internet]. <http://www.
americanheart.org>; Accessed 05.03.10.

Provides access to the most recent guidelines for the management of valvular heart 
disease, including those developed jointly with the American College of Cardiology. 
From the home page, select “For Healthcare Professionals,” then “Statements, 
Guidelines, and Clinical Updates.”

American Society of Echocardiography [home page on the Internet]. 
<http://www.asecho.org>; Accessed 05.03.10.

Given the importance of echocardiographic and Doppler techniques in the assessment 
of valvular disease, this site is helpful in providing expert consensus guidelines on 
the optimal evaluation of lesion severity.

European Society of Cardiology [home page on the Internet]. <http://
escardio.org>; Accessed 05.03.10.

Provides the latest guidelines from a consensus of European authorities.

EvidEncE

Bonow RO, Carabello BA, Chatterjee K, et al. ACC/AHA 2006 guide-
lines 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. 2006;48:e1–148.

This joint American College of Cardiology/American Heart Association report 
outlines the appropriate diagnosis and management of valvular heart disease 
according to an assembled panel of experts. It is thoroughly referenced, and the 
level of evidence is cited for the recommendations.

Rao PS. Percutaneous balloon pulmonary valvuloplasty: state of the  
art. Catheter Cardiovasc Interv. 2007;69:747–763.

This review article illustrates the ongoing technical advances in balloon  
valvuloplasty that have led to recommendations for lower thresholds for 
intervention.

Vahanian A, Baumgartner H, Bax J, et al. Guidelines on the management 
of valvular heart disease: the task force on the management of valvular 
heart disease of the European Society of Cardiology. Eur Heart J. 
2007;28:230–268.

Provides a similar consensus guideline for the management of valvular heart 
disease from a European perspective.

Zoghbi WA, Enriquez-Sarano M, Foster E, et al. Recommendations  
for evaluation of the severity of native valvular regurgitation with  
two-dimensional and Doppler echocardiography. J Am Soc Echocardiogr. 
2003;16:777–802.

Provides a critical review of echocardiographic and Doppler techniques used to 
evaluate the severity of regurgitant valvular lesions.
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Infective Endocarditis

Kristine B. Patterson and Cam Patterson

I nfective endocarditis (IE) is an infection typically of one of 
the cardiac valves or elsewhere on the endocardial surface of 

the heart and implies the presence of microorganisms in the 
lesion. Despite advances in medical and surgical interventions, 
IE continues to be associated with high morbidity and mortality, 
especially given the evolution of antimicrobial resistance. Early 
diagnosis, prompt and appropriate antimicrobial therapy, echo-
cardiographic evaluation, and timely surgical intervention are 
cornerstones of successful management.

EtIology and PathogEnEsIs

The three main bacterial causes of IE are streptococci, staphy-
lococci, and enterococci. Staphylococcus aureus has now replaced 
viridans group streptococci as the leading cause as a result  
of the increased frequency of oxacillin-resistant S. aureus in 
tertiary care centers and community-acquired infections.  
IE most often occurs in the setting of an already damaged  
valve surface or on artificial valves. This provides a suitable site 
for bacterial colonization and adherence, allowing replication  
to a critical mass, which allows a mature infected vegetation  
to form.

ClInICal PrEsEntatIon

Any organ system can be involved in patients with IE, and thus 
the clinical presentation is highly variable. Four processes  
contribute to IE’s clinical manifestations: (1) the infectious 
process on the valve causing local intracardiac complications 
(e.g., perivalvular abscess, incompetent valve, conduction distur-
bances, congestive heart failure [CHF]) (Fig. 39-1); (2) vascular 
phenomena (e.g., septic pulmonary or arterial emboli, mycotic 
aneurysm, intracranial hemorrhage); (3) bacteremic seeding  
of remote sites (e.g., osteomyelitis, psoas or perirenal abscess) 
(Fig. 39-2); and (4) immunologic phenomena (e.g., glomerulo-
nephritis, Osler’s nodes, Roth’s spots, positive rheumatoid 
factor, and antinuclear antibodies).

The presentation of IE is straightforward when the  
classic signs and symptoms are present: fever, bacteremia  
or fungemia, valvular incompetence, peripheral emboli, and 
immune-mediated vasculitis as is seen in subacute IE. However, 
acute IE may evolve too quickly for immunologic phenomena 
to develop, and patients may present only with fever or severe 
manifestations such as those related to valve incompetency. In 
both acute and subacute IE, fever is the most common present-
ing symptom.

Frequently the diagnosis can be made clinically if a careful 
physical examination is performed. Attention should be given  
to the conjunctiva (hemorrhages), dilated fundoscopic exam 
(Roth’s spots), complete cardiovascular examination (new or 
changing murmur, especially aortic, mitral or tricuspid regurgi-
tation, and signs of CHF), splenomegaly, and extremities 

(splinter hemorrhages, septic emboli, Janeway’s or Osler’s 
nodes) (Fig. 39-3). The comprehensive physical examination 
can be complemented by several nonspecific, yet suggestive 
laboratory studies. Findings in IE include (but are not limited 
to) anemia, thrombocytopenia, leukocytosis, active urinary sedi-
ment, elevated sedimentation rate, hypergammaglobulinemia, 
positive rheumatoid factor, antinuclear antibodies, hypocomple-
mentemia, and false-positive Venereal Disease Research Labo-
ratory and Lyme disease serology.

dIffErEntIal dIagnosIs

Almost any disseminated, severe bacterial, fungal, mycobacte-
rial, viral, parasitic, or spirochete infection can manifest some 
features of IE. Several connective tissue or autoimmune diseases 
and hematologic malignancies can also mimic IE. By utilizing 
the expertise of the microbiologist and the cardiologist early in 
the process, a definitive positive diagnosis alerts the clinician  
to any potential complications and therapeutic interventions. 
Conversely, a negative echocardiogram allows alternative  
diagnoses to be explored more rapidly.

dIagnostIC aPProaCh

Since 1994, the “Duke criteria” has been the diagnostic  
strategy most consistently used in stratifying patients suspected 
of having IE into “definite,” “possible” or “rejected” categories. 
These criteria have been modified to include newer diagnostic 
methods. Although the modified Duke criteria can provide a 
primary diagnostic schema, they should not replace clinical 
judgment.

Microbiology

The first definitive test should be at least three sets of routine 
blood cultures during the first 24 hours of observation. More 
cultures may be necessary if the patient received antibiotics in 
the preceding weeks. Almost 50% of culture-negative IE can be 
attributed to antibiotic use before obtaining cultures. Organisms 
such as the HACEK group (Haemophilus species, Actinobacillus 
actinomycetemcomitans, Cardiobacterium hominis, Eikenella cor-
rodens, and Kingella species) and Brucella are slow growing and 
require extended incubation of cultures (4 weeks). Special 
culture techniques or media may be required for some organ-
isms (e.g., Legionella). Genetic sequencing is being used more 
frequently for organisms that have been difficult to identify 
through traditional microbiologic methods. Blood culture 
results are negative in more than 50% of fungal endocarditis 
cases. Serologic studies are frequently necessary to diagnose Q 
fever, brucellosis, legionellosis, and psittacosis and are now 
included as a surrogate marker in lieu of positive blood cultures 
for diagnosis.
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figure 39-1 Infective endocarditis.
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figure 39-2 Infective endocarditis: remote embolic effects.
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Specific Pathogens

STaPHylOCOCCal ENDOCarDITIS

Staphylococci are now the most common cause of IE, especially 
S. aureus native valve IE. Increasing rates of infection with 
methicillin-resistant S. aureus are being reported. The course 
of S. aureus infection is typically fulminant with myocardial 
and valve-ring abscesses and widespread metastatic infection 

common. Thirty percent of patients experience neurologic 
manifestations. IE caused by oxacillin-resistant S. aureus is 
particularly common in injection drug users or patients with 
nosocomial infection. Coagulase-negative staphylococci are an 
important cause of prosthetic valve endocarditis (PVE). Right-
sided IE is more commonly seen in injection drug users and may 
be either sensitive or resistant to oxacillin.

STrEPTOCOCCal ENDOCarDITIS

Streptococci are now the second most common causative agents 
of IE, with the viridans group streptococci the most common 
subgroup. The cure rate exceeds 90%, but complications occur 
in approximately 30% of cases.

Streptococcus pneumoniae IE is rare and usually involves the 
aortic valve. It frequently has a fulminant course and is often 
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figure 39-3 Most frequent origins of infective endocarditis in nonimmunocompromised individuals.
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Common portals of bacterial entry in infective endocarditis

associated with perivalvular abscess, pericarditis, and concurrent 
meningitis. Penicillin resistance is increasing. Valve replace-
ment may be beneficial in preventing early death.

S. anginosus has a predilection to disseminate and form 
abscesses, and may require a longer course of therapy compared 
with other α-hemolytic streptococci. S. bovis IE should prompt 
a colon malignancy evaluation.

IE due to nutritionally variant streptococci typically is indo-
lent in onset and associated with previous heart disease. Special 
media are required for microbiologic identification. Therapy is 
difficult because of systemic embolization and frequent relapse.

ENTErOCOCCal ENDOCarDITIS

Enterococcus faecalis and E. faecium IE usually affects older men 
after genitourinary tract manipulation or younger women after 

an obstetric procedure. Classic peripheral manifestations are 
uncommon. The rate of penicillin-resistant enterococcal infec-
tion in tertiary-care centers is rapidly increasing.

Gram-NEGaTIVE ENDOCarDITIS

Persons using injection drugs, prosthetic valve recipients, and 
patients with cirrhosis are at increased risk for gram-negative 
endocarditis. CHF is common.

Salmonella IE usually involves abnormal valves and is associ-
ated with significant valvular destruction, atrial thrombi, myo-
carditis, and pericarditis. Valve replacement after 7 to 10 days 
of antimicrobial therapy is typically required.

Pseudomonas IE is almost exclusively seen in injection 
drug users and often affects normal valves. Embolic phenomena, 
inability to sterilize valves, neurologic complications, ring and 
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annular abscesses, splenic abscesses, bacteremic relapses, and 
progressive heart failure are common. Early surgical interven-
tion is recommended for left-sided involvement.

Neisseria gonorrhoeae rarely causes IE and typically follows an 
indolent course, with aortic valve involvement, large vegeta-
tions, valve-ring abscesses, CHF, and nephritis.

HaCEK ENDOCarDITIS

The gram-negative bacilli of the HACEK group account for  
5% to 10% of cases of native valve IE. All are fastidious and 
may require 3 weeks or longer for primary isolation. HACEK 
endocarditis is more common in patients who have dental  
infections or injection drug users who contaminate the injection 
with saliva.

FuNGal ENDOCarDITIS

Candida and Aspergillus species are the most common cause 
of fungal IE. Candida species are more common in persons 
with central venous catheters or receiving parenteral nutrition. 
Both can be seen following prosthetic valve insertion. Other 
Candida species, C. parapsilosis and C. tropicalis, predominate in 
injection drug users. Blood culture results are usually negative 
in Aspergillus IE. Surgical intervention is almost always required, 
especially with prosthetic valves, following a course of antifungal 
agents. Lifelong antifungal suppressive therapy is frequently 
considered.

CulTurE-NEGaTIVE ENDOCarDITIS

Culture-negative IE is common. Causes include recent admin-
istration of antimicrobial agents; slow growth of fastidious 
organisms, such as the HACEK group; fungal endocarditis; 
Coxiella species; intracellular parasites such as Bartonella or 
Chlamydia species; and noninfectious endocarditis.

PrOSTHETIC ValVE ENDOCarDITIS

PVE occurs in up to 10% of patients during the lifetime of the 
prosthesis. Early PVE (within 60 days after implantation) usually 
results from valve contamination during the perioperative 
period. Late PVE (after 60 days) results from transient bactere-
mia. Clinical manifestations are similar to those of native valve 
IE; however, new or changing murmurs are more common. 
Persistently positive blood culture results and valvular dysfunc-
tion by echocardiography are the hallmarks. Transesophageal 
echocardiography (TEE) is recommended for diagnosis and 
assessment of complications such as perivalvular abscess and 
regurgitation. Coagulase-negative staphylococci are the domi-
nant cause of PVE in the first year. After 1 year, the causative 
organisms are similar to those of native valve IE. Therapy is by 
necessity aggressive. Rifampin and gentamicin can be added  
to nafcillin or oxacillin for methicillin-sensitive S. aureus or 
to vancomycin for methicillin-resistant S. aureus. For culture-
negative PVE, vancomycin and gentamicin should be used to 
provide broad bactericidal coverage.

Echocardiography

Echocardiography is an essential tool in the diagnosis and  
management of patients with IE and should be performed in  
all patients with suspected and confirmed IE (Fig. 39-4). An 
oscillating vegetation or mass, annular abscess, prosthetic  
valve dehiscence, and new regurgitation are all major Duke 
criteria and, as such, confirm IE. Transthoracic echocardiogra-
phy (TTE) is rapid, noninvasive, and has excellent specificity 
for vegetations (98%); however, sensitivity is less than 60%. 
TTE should be performed initially when the suspicion is low. 
TEE allows imaging of very small vegetations and is the proce-
dure of choice for assessing the pulmonic valve, prosthetic 
valves, and perivalvular areas for abscesses. TEE has a substan-
tially higher sensitivity (76% to 100%) and specificity (94%) 
than TTE for perivalvular extension of infection. TEE should 
be obtained initially when clinical suspicion is high, especially 
when PVE is suspected or when images obtained by TTE will 
be poor (i.e., severe pulmonary disease or obesity). If clinical 
suspicion of IE persists after an initially negative TEE, a repeat 
study is warranted within 7 to 10 days. The combination of a 
negative TEE and a negative TTE confers a 95% negative 
predictive value.

ManagEMEnt and thEraPy

Optimum Treatment

aNTImICrOBIal THEraPy

After initial empiric therapy, antimicrobial agents should be 
selected based on susceptibility testing of the isolated causative 
microbe (Table 39-1). Prolonged administration of antimicro-
bial agents is required, almost always via the parenteral route. 
Bactericidal agents or antibiotic combinations that produce syn-
ergistic, rapidly bactericidal effects are the agents of choice. 
Although serum antibiotic levels are broadly useful, in particular 
if aminoglycosides are part of the therapeutic regimen, it is 
important to monitor serum concentrations carefully to avoid 
toxicity. Blood culture specimens should be obtained early in 
therapy to ensure eradication of the bacteremia, and throughout 
therapy when persistent or recurrent fever is present. Patients 
with IE complicated by cardiac arrhythmias and CHF require 
close observation in an intensive care unit. Anticoagulation is 
contraindicated in patients with native valve IE.

Many of the newer antimicrobial agents may not have  
been specifically evaluated in IE patients. Daptomycin, a cyclic  
lipopeptide antibiotic, is bactericidal in vitro against most  
gram-positive bacteria, especially oxacillin-sensitive and -resis-
tant S. aureus. Recently, daptomycin was shown to be equivalent 
to standard therapy for bacteremia and right-sided IE. However, 
there were too few subjects with left-sided IE to definitively 
determine superiority.

ECHOCarDIOGraPHy

After the initial diagnosis, echocardiography is useful in manag-
ing individuals, identifying those at high risk for complications 
and assessing the need for surgery. Findings that indicate 
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figure 39-4 Echocardiography in the diagnosis and management of infective endocarditis (IE). rx, antibiotic treatment for 
endocarditis; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography. From Bayer aS, Bolger aF, 
Taubert Ka, et al. Diagnosis and management of infective endocarditis and its complications. Circulation. 
1998;98:2936–2948.
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increased risk of complications and/or the need for surgical 
intervention include:

• Persistent vegetation after embolization
• Vegetations larger than 10 mm, especially those on the 

anterior mitral leaflet (greater risk for embolization)
• Vegetations that increase in size while on therapy
• Acute aortic or mitral insufficiency with CHF
• CHF unresponsive to therapy
• Valve perforation or rupture
• Large abscess or abscess unresponsive to therapy
• New heart block
• Valvular dehiscence

CarDIaC SurGEry

Appropriate, timely surgical intervention can reduce morbidity 
and mortality substantially. Relatively substantiated indications 
for surgical intervention include:

• Refractory CHF
• More than one serious systemic embolic episode
• Fungal IE, especially involving a prosthetic valve

• IE with antibiotic-resistant bacteria or ineffective anti-
microbial therapy

• Persistent positive blood cultures following 1 week of anti-
biotic therapy

• Left-sided IE with Pseudomonas or Salmonella species
• Prosthetic valve IE 12 months or less after initial 

replacement
• Echocardiographic findings listed above

Avoiding Treatment Errors

Effective treatment of IE requires a multidisciplinary approach 
with input from infectious disease specialists, cardiologists, and 
cardiothoracic surgeons. Although guidelines and criteria such 
as the Duke criteria have been established, treatment should be 
individualized based on clinical judgment.

After a person is put on appropriate antimicrobial therapy,  
it is imperative to ensure that repeat blood cultures are negative. 
If not it is essential to reevaluate therapy and consider the  
possibility of a remote abscess or other complication. Blood 
cultures should be repeated near the end of antimicrobial 
therapy and shortly after completing therapy to ensure 
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table 39-1 antimicrobial Therapy for Infective Endocarditis

Etiology antimicrobial therapy*,†,‡,||,¶

Viridans streptococci and S. bovis 
penicillin-susceptible  
(mIC <0.1 µg/ml)

Penicillin G 12–18 million u/24 hr either continuously or q4h for 4 wk or
Ceftriaxone 2 g IV once daily for 4 wk, or
Penicillin G 12–18 million u/24 hr IV in six doses for 2 wk with gentamicin 1 mg/kg 

q8h for 2 wk, or
Vancomycin 30 mg/kg/24 hr IV in two divided doses for 4 wk (recommended only for 

patients allergic to β-lactams)
Viridans streptococci and S. bovis 

relatively resistant to penicillin  
(mIC 0.1–0.5 µg/ml)

Penicillin G 24 million u/24 hr either continuously or q4h for 4 wk with gentamicin 
1 mg/kg q8h for 2 wk (ceftriaxone 2 g IV once daily may be substituted for 
penicillin in patients with penicillin hypersensitivity not of the immediate type), or

Vancomycin 30 mg/kg/24 hr IV in two divided doses for 4 wk (only recommended for 
patients allergic to β-lactams)

Enterococci (and viridans streptococci 
with penicillin mIC >0.5 µg/ml, 
nutrient variant viridans streptococci)§

Penicillin G 18–30 million u/24 hr either continuously or q4h with gentamicin 
1 mg/kg IV q8h† for 4–6 wk, or

ampicillin 12 g/24 hr in six divided doses with gentamicin 1 mg/kg IV q8h for 
4–6 wk, or

Vancomycin 30 mg/kg/24 hr IV in two divided doses for 4–6 wk with gentamicin 
1 mg/kg IV q8h for 4–6 wk (only recommended for patients allergic to β-lactams; 
cephalosporins are not acceptable alternatives for patients allergic to penicillins)

Staphylococci (penicillin-susceptible 
with mIC ≤1 µg/ml )

Penicillin G 24 million u/24 hr IV in six doses for 6 wk

Staphylococci (methicillin-susceptible, 
penicillin-resistant)

Nafcillin or oxacillin 2 g IV q4h for 6 wk with gentamicin 1 mg/kg IV q8h for 3–5 
days,† or

Cefazolin (or other first-generation cephalosporin) 2 g IV q8h for 6 wk with gentamicin 
1 mg/kg IV q8h for 3–5 days

Staphylococci (methicillin-resistant) Vancomycin 30 mg/kg/24 hr IV in two divided doses for 6 wk
HaCEK microorganisms Ceftriaxone 2 g IV once daily IV for 4 wk or

ampicillin-sulbactam 12 g/24 hr IV in four doses for 4 wk
Culture-negative (native valve) ampicillin-sulbactam 12 g/24 hr IV in four doses for 4–6 wk plus gentamicin 1 mg/kg 

q8h for 4–6 wk or
Vancomycin 30 mg/kg IV in two doses for 4–6 wk plus gentamicin 1 mg/kg IV in 

three doses for 4–6 wk plus ciprofloxicin 1000 mg/24 hr PO in two divided doses or 
800 mg/24 hr in two doses IV for 4–6 wk

Prosthetic valve endocarditis refer to 2005 american College of Cardiology/american Heart association 
endocarditis guidelines

Adapted from Wilson WR, Karchmer AW, Dajani AS, et al. Antibiotic treatment of adults with infective endocarditis due to streptococci, 
enterococci, staphylococci, and HACEK microorganisms. JAMA. 1995;274:1706–1713, copyrighted 1995 American Medical Association; and 
Baddour LM, Wilson WR, Bayer AS, et al. Infective endocarditis: diagnosis, antimicrobial therapy and management of complications. American 
Heart Association. Circulation. 2005;111:e394–e434.

mIC, minimum inhibitory concentration.
* antimicrobial doses are for adult patients with normal renal and hepatic function.
†aminoglycosides are used for synergy for gram-positive infections.
‡When gentamicin is administered in multiple daily doses, the dose should be adjusted according to the patient’s renal function to achieve a 

peak concentration of approximately 3 mg/l and a trough concentration of <1 mg/l.
||Vancomycin doses should be adjusted according to the patient’s renal function to achieve a peak concentration of 30 to 45 mg/l and a 

trough concentration of 10 to 15 mg/l.
¶Dosing of penicillin, nafcillin, and oxacillin is frequent and often problematic for home therapy patients. Because these drugs are stable for 

24 hours at room temperature, they may be given via a pump that remains with the patient, requiring adjustment only once every 24 hours.
§Test infecting strain of Enterococcus for resistance to aminoglycosides. High-level resistance means loss of synergy, and thus 

aminoglycosides should not be used in these instances. Therapy should be prolonged to 8 to 12 weeks.

resolution, and a new baseline echocardiogram should be 
obtained. It is imperative to educate patients regarding signs of 
symptoms of IE. Often overlooked are the need for thorough 
dental evaluation and treatment for substance abuse.

PrOPHylaxIS

Antimicrobial prophylaxis is recommended for patients  
with increased risk of endocarditis due to underlying cardiac 
conditions who are undergoing invasive procedures likely to 

generate bacteremia. Detailed prophylaxis recommendations 
are available on the American Heart Association website.

futurE dIrECtIons

Some clinicians believe that the size of the vegetation and other 
echocardiographic characteristics predict which patients are at 
risk for poor outcome and need early surgery. However, specific 
echocardiographic criteria have not been demonstrated. Future 
studies will help to determine whether echocardiographic 
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findings other than perivalvular or myocardial abscesses are 
added to the current list of indications for surgery.

addItIonal rEsourCEs

American Heart Association [home page on the Internet]. <http://www.
americanheart.org>; Accessed 16.02.10.

Provides guidance in the management of other cardiac-related diseases.

Bayer AS, Bolger AF, Taubert KA, et al. Diagnosis and management of 
infective endocarditis and its complications. Circulation. 1998;98:2936–
2948.

Clearly outlines the global management of IE.

European Society of Cardiology. European Society for Cardiologist guidelines 
for infective endocarditis. <http://www.escardio.org/knowledge/guidelines/
Guidelines_list.htm>; 2004 Accessed 16.02.10.

Reviews European guidelines, which differ from the Infectious Disease Society  
of America and AHA guidelines.

Schlant RC, Alexander RW, O’Rourke RA, et al. eds. Hurst’s the Heart. 10th 
ed. New York: McGraw-Hill Inc; 2001.

Comprehensively reviews the management of IE from a cardiologist’s perspective.

EvidEncE

Fowler Jr VG, Boucher HW, Corey GR, et al. Daptomycin versus 
standard therapy for bacteremia and endocarditis caused by Staphylococcus 
aureus. N Engl J Med. 2006;355:653–665.

Describes use of a newer generation antibiotic in resistant bacterial infections.

Infectious Diseases Society of America. American Heart Association 
infective endocarditis guidelines. <http://www.idsociety.org/Content.
aspx?id=9088>; Accessed 16.02.10.

Publishes updated guidelines for the management of IE, an essential tool in 
managing these complicated patients.

Mandell GL, Bennett JE, Dolin R, eds. Mandell, Douglas, and Bennett’s 
Principles and Practice of Infectious Diseases. 6th ed. New York: Churchill 
Livingstone; 2005.

Provides more specific guidance in the diagnosis and treatment of suspected  
and/or confirmed IE. Less common pathogens and complicated IE are compre-
hensively reviewed.
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Percutaneous Catheter-based Therapy 
for Valvular Heart Disease

Thomas M. Bashore

C harles Dotter is credited with noting that the stenotic 
severity of a high-grade iliac lesion was lessened when  

a diagnostic catheter was passed through it. Early vascular 
efforts used progressively larger catheters to open the lesions  
by blunt dilatation. Eventually, this approach using progres-
sively larger bougies was replaced by the use of elastic balloon-
tipped catheters, first for peripheral vascular disease, then for 
coronary angioplasty. Reports from the National Heart, Lung, 
and Blood Institute (NHLBI) Registry, the Mansfield Balloon 
Catheter Registry, and large institutional experiences subse-
quently shaped the development of percutaneous balloon pro-
cedures for stenotic valvular lesions. Percutaneous valvuloplasty 
(or valvotomy) has now become the standard of care for the 
treatment of certain patients with congenital pulmonary valve 
and aortic valve stenosis and for a subset with rheumatic mitral 
stenosis. Recently, percutaneous valve replacement or repair has 
been proposed as a feasible advance in percutaneous therapies 
applicable to both stenotic and regurgitant valve lesions. It is 
anticipated that selected patients will be candidates for these 
novel approaches in the near future. This chapter is meant to 
provide an overview of all of these percutaneous therapeutic 
approaches to valvular heart disease.

Pulmonary ValVe STenoSiS

Pathophysiology

Pulmonary valve stenosis results from fusion of the valve cusps 
during mid- to late fetal development. The most common form 
of isolated right ventricular (RV) obstruction, pulmonary valvu-
lar stenosis, occurs in approximately 7% of individuals with 
congenital heart disease (see also Chapters 50 and 52). Pulmo-
nary valve stenosis may be associated with significant RV hyper-
trophy and infundibular narrowing. The fusion of the valvular 
cusps produces a classic systolic “doming” appearance angio-
graphically (Fig. 40-1). Tissue pads within the valve sinuses may 
exist and result in a thickened, rigid valve that is considered 
dysplastic (a common finding in Noonan’s syndrome). Excessive 
thickening in dysplastic valves renders the valve unsuitable for 
percutaneous valvuloplasty, although attempts have occasionally 
been successful. Similarly, narrowing of the RV outflow tract 
limits the efficacy of percutaneous balloon techniques. Acquired 
forms of stenosis are rare (i.e., carcinoid).

Percutaneous Balloon Pulmonary 
Valvuloplasty

Figure 40-2 demonstrates the gradient between the right ven-
tricle and the pulmonary artery (PA) before and after successful 
percutaneous balloon valvuloplasty. The RV outflow tract may 
have considerable muscular subpulmonic stenosis, which may 
be masked when valvular obstruction is present. The sudden 

removal of the valvular stenosis after the procedure may result 
in acute decompensation from marked RV infundibular obstruc-
tion, sometimes called the “suicide RV.” Fluid loading, calcium 
channel blockers, and β-blockers can be used for emergent 
treatment. After pulmonary valvuloplasty, the subpulmonic 
hypertrophy may regress considerably over the next several 
months.

IndIcaTIons

Valvular regurgitation is generally graded from 1+ (mild) to 4+ 
(severe). In patients with less than 2+ pulmonic regurgitation 
and a doming pulmonic valve, American College of Cardiology/
American Heart Association (ACC/AHA) guidelines suggest 
that a peak pulmonary valve gradient of greater than 60 mm Hg 
or a mean gradient of greater than 40 mm Hg by echo-Doppler 
warrants balloon valvuloplasty, even without symptoms. Any 
evidence of RV dysfunction or associated RV failure and tricus-
pid regurgitation should also prompt intervention if the mean 
gradient is greater than 30 mm Hg. Procedural success is much 
lower in patients with pulmonary valve dysplasia and may have 
only limited value when there is carcinoid plaque involvement 
of the pulmonic valve. The procedure is effective in reducing 
the RV outflow tract gradient in the presence of RV conduit 
obstruction from prosthetic valve dysfunction, although the 
patient generally experiences an increase in pulmonic regurgita-
tion in these situations.

TechnIque

Before the procedure, RV angiography in the cranial right  
anterior oblique and straight lateral views is performed.  
Pulmonary angiography assesses preprocedural pulmonic regur-
gitation. Severe pulmonic regurgitation (3+ or more) is a con-
traindication to valvuloplasty; severe regurgitation as a result of 
the procedure represents an adverse outcome. Baseline annular 
size is determined by echocardiography, MRI, or contrast angi-
ography. In the cardiac catheterization laboratory, a catheter 
(with radiopaque markers a known distance apart) may be used 
for angiography at the valve level to determine appropriate 
balloon size. Quantitative angiographic methods may be simi-
larly applied.

The dilating balloon or balloons are percutaneously inserted 
into the femoral vein without a sheath. The maximum inflation 
of the balloon(s) should be equal to 1.2 to 1.4 times the esti-
mated annular size (see Fig. 40-2). In contrast to the aortic valve 
(see “Aortic Valve Stenosis”), the pulmonic valve is elastic and 
often requires oversizing for adequate results. The goal of the 
procedure is a final peak-to-peak valvular gradient less than 
30 mm Hg by cardiac catheterization. Recurrence rates are 
much lower if that threshold is reached. A single balloon, often 
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Figure 40-1 Pulmonary stenosis.
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23 mm in diameter in adults, may be used, although two bal-
loons side by side may be necessary in patients with a large 
annulus. In some laboratories, trefoil or bifoil balloon catheters 
are available and preferred. The Inoue mitral valvuloplasty 
balloon (Toray Industries, Inc., Tokyo, Japan) has increasingly 
been used for pulmonary valvuloplasty because of its stability 
during inflation.

Careful measurement of postprocedural gradients allows  
differentiation of infundibular stenosis from residual valvular 
stenosis. Postprocedural PA angiography evaluates the severity 
of pulmonic regurgitation as a result of the procedure, while 
postprocedural RV angiography addresses the presence and  
significance of infundibular stenosis.

shorT-TerM resulTs and coMplIcaTIons

Numerous groups have reported excellent short-term results in 
children and adults, as exemplified by a report of 66 infants and 
children in whom the peak gradient across the pulmonic valve 
fell from 92 ± 43 mm Hg to 29 ± 20 mm Hg with no change in 
cardiac output. The NHLBI Adult Registry included 37 adult 
patients with successful completion of the procedure in 97%, 
and a reduction in the average peak gradient from 46 to 
18 mm Hg. Larger balloon sizes, up to 30% to 50% larger than 

the annulus, resulted in greater reductions in the valvular gradi-
ent without increasing complications.

Minimal complications in the acute setting include vagal 
symptoms and ventricular ectopy from catheters in the right 
ventricle. Pulmonary edema, presumably from increasing pul-
monary flow to formerly underperfused lungs, perforation of a 
cardiac chamber, high-grade atrioventricular nodal block, and 
transient RV outflow obstruction (as noted earlier) have also 
been reported. Pulmonary valve regurgitation occurs in approx-
imately two thirds of the patients after the procedure, but it is 
rarely clinically significant.

long-TerM resulTs

Long-term data are available for over 10 years after percutane-
ous balloon valvuloplasty of the pulmonary valve. In one  
representative study, 62 children undergoing this procedure, 
with an average balloon-to-pulmonary annulus ratio of 1.4,  
were followed for a mean of 6.4 ± 3.4 years. Persistent pulmo-
nary valve regurgitation was found in 39% of the patients,  
there was evidence of a progressive resolution of infundibular 
hypertrophy, and the restenosis (>35 mm Hg gradient) rate 
was only 4.8%. Restenosis was more common in patients  
with dysplastic valves. If restenosis occurred, repeat valvulo-
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Figure 40-2 Pulmonary balloon valvuloplasty. pa, pulmonary artery; rV, right ventricular.
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plasty seemed to be effective in patients without dysplastic pul-
monary valves.

These data compare favorably with the outcomes of surgical 
valvotomy. One large study of surgical valvotomy in children 
reported a surgical mortality rate of 3%, with poor surgical 
results (residual gradient >50 mm Hg) in 4%. Restenosis rates 
after surgery were 14% to 33% at up to 34 months of follow-up. 
Thus, percutaneous balloon valvuloplasty for valvular, nondys-
plastic, pulmonic stenosis is the treatment of choice and pro-
vides excellent short- and long-term relief from pulmonary 
valvular obstruction.

Percutaneous Pulmonary  
Valve Replacement

In 1992, the first percutaneous catheter-mounted pulmonary 
heart valve procedure using a stented porcine bioprosthetic 
valve was implanted in an animal model. In 2000, Bonhoeffer 
and colleagues were the first to treat a human with a percutane-
ous pulmonary valve implanting of a stent-mounted bovine 
jugular vein valve in an RV-to-PA conduit of a 12-year-old.  
The remarkable success of the index case led quickly to its 
application in eight additional cases, with major hemodynamic 

improvement in both stenosis and regurgitation seen in five of 
the eight. The procedure has now been applied to a wider group 
of patients with available follow-up at a median of 3 years. The 
overall results remain encouraging.

IndIcaTIons

Whereas congenital pulmonary valve stenosis often responds 
well to percutaneous balloon techniques alone, as described 
above, pulmonary outflow tract stenosis and/or regurgitation is 
the expected consequence following the use of pulmonary valve 
replacement or homograft repair in a variety of disease states, 
notably late repair of tetralogy of Fallot or following the Ross 
procedure (transfer of the pulmonary valve to the aortic position 
and replacement of the pulmonary valve and root with a pulmo-
nary homograft in aortic stenosis). Indeed, any surgically placed 
RV outflow valved conduit can be expected to become stenotic, 
regurgitant, or both over time. These situations currently 
require valve replacement, since the anatomy does not lend itself 
to percutaneous balloon valvuloplasty. Most commonly the 
valve is implanted surgically; however, these individuals may be 
candidates for nonsurgical repair utilizing percutaneous pulmo-
nary valve replacement.
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TechnIque

Currently there are two models of percutaneous valves being 
investigated for use in the pulmonary position. The Melody 
Pulmonary Valve (Medtronic, Inc., Minneapolis, MN) uses a 
stented bovine jugular vein valve and has been deployed  
in humans. Initial experience with the Edwards SAPIEN  
percutaneous stent aortic valve (using bovine pericardium) 
(Edwards Lifesciences, Irwin, CA) was in a sheep model. A  
self-expanding stented valve is also under investigation.  
The basic techniques are similar to percutaneous balloon  
valvuloplasty except the delivery catheter has a crimped stented 
valve on the balloon. Under general anesthesia, a stiff guide  
wire is placed from the femoral vein or rarely the right internal 
jugular vein to the PA. The valve assembly is then positioned 
over the wire. The assembly is composed of the valved  
stent within a long sheath. Once in position, the sheath is with-
drawn and the balloon subsequently inflated within the 
obstructed conduit. At times, a manual inflation of the same size 
balloon is performed in the RV outflow tract before insertion 
for sizing as an outflow larger than 22 mm in diameter is con-
sidered an exclusion with currently available devices. This size 
restriction currently prevents the application of this technique 
in many patients with native pulmonary valve stenosis because 
of concerns regarding stent apposition to the walls of a dilated 
main PA.

coMplIcaTIons and early resulTs

Recently published data on the first 155 patients who have 
undergone the procedure suggests there is a steep learning curve 
and complications occur much less frequently once this is over-
come. In the first 50 patients, seven major complications were 
noted including homograft rupture, right coronary compres-
sion, device dislodgement, and embolization to the right PA. 
Five of the seven required surgical device removal. The inci-
dence of complications was 6% in the first 50 patients and 2.9% 
in the next 105.

InTerMedIaTe-TerM resulTs

Follow-up is now available at a median of 28.5 months. Among 
the 155 patients, 4 have died, with survival at 83 months of 
96.6%. Freedom from transcatheter reintervention is 95% at 10 
months and 73% at 70 months. Reintervention includes placing 
a stented valve within the first stented valve and/or repeat  
ballooning of the stented valve. Reasons for reintervention 
include stent fracture, residual gradient, and restenosis. Pulmo-
nary regurgitation is generally not a major issue.

Stent fracture remains an unresolved issue, occurring in 21% 
of the series reported. Stent fracture is more common if the 
stent is implanted in the contractile RV outflow tract, or when 
there is no calcium in the conduit, or when there is evidence for 
recoil of the implanted valve immediately after deployment.

There are as yet no long-term data on the durability of  
the bovine pericardium valves in this situation, but it is likely 
these will suffer degenerative processes similar to those of all 
surgically implanted valves.

aorTiC ValVe STenoSiS

Pathophysiology

The normal aortic valve has thin, flexible cusps composed of 
three tissue layers sandwiched between layers of endothelium 
on both sides of the valve. The layers include a fibrosa with 
collagen fibers oriented parallel to the leaflet that support the 
major leaflet, a ventricularis layer composed of elastic fibers 
oriented perpendicularly to the leaflet edge that provide flexibil-
ity, and a spongiosa layer of loose connective tissue in the basal 
third of each leaflet.

Congenitally deformed aortic valves have fused commissures 
and can generally be described as either unicuspid or bicuspid. 
Unicuspid valves are inherently stenotic at birth and cause 
symptoms early in life. Unicuspid aortic valves account for 
approximately 10% of all cases of isolated aortic valve stenosis 
in adulthood, whereas bicuspid aortic valves account for approx-
imately 60% of isolated aortic valve stenosis in patients aged 15 
to 65 years of age. Bicuspid aortic valves generally have two 
cusps of nearly equal size with a false commissure (raphe). Over 
time, progressive valvular fibrosis and calcium deposition occur, 
worsening the functional stenosis. Some commissural fusion 
between the functioning leaflets may occur, but the major limi-
tation is often valvular rigidity from calcium buildup and scar-
ring. High serum lipids may contribute to the degeneration of 
these valves similarly to those patients with calcific aortic 
stenosis.

Aortic valve stenosis in elderly persons generally involves a 
trileaflet valve and probably represents a continuum, from 
benign aortic valvular sclerosis to severe aortic valvular stenosis. 
The prevalence of aortic valve sclerosis has been reported to be 
25% in individuals older than 65 years of age, with severe aortic 
valve stenosis evident in 1% to 2% of the population. There is 
growing evidence that the mechanism of calcific aortic valve 
stenosis in the elderly is related to atherosclerosis and not to 
what has commonly been referred to as a “degenerative” process. 
Little commissural fusion exists; large accretions of calcium can 
be present in the sinuses of Valsalva. The leaflets gradually lose 
their flexibility as a result of these calcium deposits. In calcific 
aortic valve stenosis, the minimal reduction in the gradient that 
can be obtained by balloon procedures has generally been attrib-
uted to cracks in the calcific nodules, cuspal tears, and aortic 
wall expansion (Fig. 40-3).

When left ventricular (LV) outflow is obstructed at the val-
vular level, a gradient develops between the left ventricle and 
the aorta (see Fig. 40-3). The relationship between the gradient 
and the aortic valve area (AVA) is complex, however, and 
depends on the severity of the lesion as measured by the AVA 
and on the cardiac output or the aortic flow. After aortic valvu-
loplasty, aortic flow may increase because of an improvement in 
the cardiac output or the development of aortic regurgitation. 
Either result could increase the gradient, even if the actual AVA 
also increases. Alternatively, the cardiac output may fall, and the 
gradient may appear lower even if the AVA has increased. Thus, 
the short-term postprocedural valvular gradient change may not 
always reflect the actual change in the AVA.

Using just the change in the AVA can also be problematic 
for other reasons. For instance, if the baseline AVA is severe, an 
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Figure 40-3 Effect of valvuloplasty on aortic valve area (AVA). The position and size of the aortic valvuloplasty balloon is 
shown (B). eF, ejection fraction; lVeF, left ventricular ejection fraction.
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improvement in the AVA of 0.3 cm2 from baseline has a dra-
matic effect on the peak LV systolic pressure (e.g., when the 
AVA increases from 0.5 to 0.8 cm2), but if the baseline AVA is 
less severe, the same incremental change may have much less 
consequence (e.g., when the AVA increases from 0.8 to 1.1 cm2). 
Hence, either an improvement in the gradient or an improve-
ment in both the gradient and the final valve area can be used 
to define a successful result (i.e., a final valve gradient of 
<50 mm Hg, a 50% improvement in the AVA, or both).

Indications for Intervention

The decision whether to intervene in aortic valve stenosis 
usually depends on the presence of symptoms of congestion, 
angina, or exertional syncope and an assessment of the likeli-
hood of improvement in AVA. Serial measurements of transval-
vular pressure gradients by Doppler echocardiography can be 
helpful. When the maximum Doppler velocity exceeds 4 m/s 
(estimated gradient of 64 mm Hg), symptoms emerge relatively 
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quickly. A change in the Doppler gradient of more than 0.3 m/s 
within 1 year also portends symptoms. Thus, recent guidelines 
suggest that severe aortic stenosis is present when the Doppler 
estimated peak instantaneous gradient is greater than 64 mm Hg, 
the mean gradient is greater than 40 mm Hg and/or the esti-
mated AVA is less than 1.0 cm2. Because of the variable means 
for measuring valvular gradients and the dependence of the 
valve gradient on the aortic valvular flow and the effective orifice 
area, the use of a specific AVA to make a decision on the need 
for an operation is always tenuous. This may be particularly true 
in patients with a low cardiac output and low gradient, but 
severe aortic stenosis by calculated AVA. In this situation, the 
use of an inotropic agent or nitroprusside to augment aortic flow 
may help determine whether the low output (and the subse-
quently low gradient) is a consequence of the valvular stenosis 
or is attributable to poor ventricular function. A very high brain 
natriuretic protein level may suggest a poor prognosis in this 
group, even if aortic valve replacement (AVR) is performed.

In neonates and very young children, the initial success rates 
for percutaneous intervention are not encouraging, although 
older children and young adults may benefit and should be 
considered for the procedure as a temporizing measure. In older 
adults, surgical intervention has consistently proven superior to 
percutaneous balloon valvuloplasty. The use of percutaneous 
balloon valvuloplasty in adults with either bicuspid or calcific 
aortic stenosis should be restricted to situations in which the 
risk of surgical intervention is very high (e.g., in a pregnant 
patient or in an elderly patient with cardiogenic shock), because 
of the generally poor results. In these circumstances, percutane-
ous balloon valvuloplasty may serve as a bridge to eventual AVR. 
Also, in the rare elderly adult with preserved LV systolic func-
tion and severe aortic valve stenosis who is not a candidate for 
surgical AVR because of comorbid conditions, valvuloplasty can 
provide short-term symptomatic benefit or be used as a bridge 
to eventual AVR.

Technique of Percutaneous Balloon  
Aortic Valvuloplasty

In contrast to pulmonary valvuloplasty, the balloon catheter 
used for aortic valvuloplasty should have a maximum inflated 
diameter slightly smaller than the measured size of the aortic 
annulus. In adults, a 20-mm-diameter balloon is usually used, 
although a 23-mm balloon may be required for larger patients. 
Brief, rapid RV pacing during positioning and inflation of the 
aortic balloon across the stenotic valve lowers cardiac output 
transiently and allows for more stable positioning. The balloon 
catheter is placed in the middle of the valve plane and manually 
inflated, using dilute (25%) radiographic contrast in saline  
(Fig. 40-4). Inflation pressures do not seem to influence the 
outcome significantly, and these pressures are no longer mea-
sured. Usually one to three separate 15- to 20-second inflations 
are adequate.

Whether the approach is percutaneous (via the femoral 
artery, with or without a sheath), cut-down (using the brachial 
artery), or transseptal (using an antegrade approach to the aortic 
valve via the right femoral vein), similar results are obtained. 
The transseptal approach is particularly useful in patients with 
significant aorto-iliac atherosclerosis, a common problem in 

elderly individuals. Following the transseptal puncture, a  
0.038-inch wire is navigated through the left atrium and the left 
ventricle, across the aortic valve, and down the descending aorta 
for stability. The intra-atrial septum is predilated using an 
8-mm balloon catheter before insertion of the aortic valvulo-
plasty balloon catheter. The remainder of the procedure is 
similar to the retrograde approach.

acuTe resulTs and coMplIcaTIons

The mean aortic gradient can be expected to fall from about 55 
to 29 mm Hg acutely, with the AVA increasing from 0.5 to 
0.8 cm2 with no measurable change in cardiac output.

In those patients for whom pressure-volume data were 
derived before and immediately after the procedure, systolic 
function was largely unchanged, with the ejection fraction (EF) 
rising only slightly, the peak positive dP/dt falling slightly, and 
stroke volume and peak and end-systolic wall stress all modestly 
reduced. A negative impact was noted acutely on diastolic mea-
sures of ventricular function, including a significant decrease in 
peak negative dP/dt and a prolongation of tau (a measure of 
active diastolic relaxation). Transient mild ischemia during the 
procedure was considered responsible for some of the acute 
changes.

Results in children and neonates vary broadly depending on 
the patient’s clinical status and associated cardiac anomalies. 
Many neonates with critical aortic valve stenosis have severe LV 
hypoplasia or endocardial fibroelastosis and do poorly with 
either percutaneous aortic valvuloplasty or surgery. After the 
neonatal period, the results from valvuloplasty improve. Data 
from 232 patients with a mean age of approximately 9 years 
showed the aortic gradients decreased approximately 60% from 
about 75 mm Hg to 30 mm Hg after percutaneous balloon 
valvuloplasty. The procedure seems often to work reasonably 
well in the adolescent age group, offering an important oppor-
tunity to delay surgery until the individual has reached full adult 
size. It should be noted that, even with an excellent initial 
outcome, restenosis will occur over time.

The rate of serious life-threatening complications from 
aortic valvuloplasty is remarkably low given the elderly popula-
tion in whom it is usually applied. Almost all protocols for 
calcific aortic stenosis require patients to be noncandidates for 
surgical intervention. In a review of 791 such patients, in-hos-
pital mortality rates were 5.4% with a risk of serious morbidity 
(cerebrovascular accident, cardiac perforation, myocardial 
infarction, or serious aortic regurgitation) of up to 1.5%. Vas-
cular complications were overwhelmingly the greatest compli-
cating feature, with a 10.6% incidence. The common practice 
today of using vascular occlusion devices after the procedure has 
virtually eliminated major vascular injury as a concern.

In the NHLBI Registry of 671 patients, complications  
were considerable. At least one complication was reported in 
25% of the patients within 24 hours, and 31% had some com-
plication before hospital discharge. The most common compli-
cation was the need for transfusion (23%), followed by the need 
for vascular surgery (7%), cerebrovascular accident (3%), sys-
temic embolization (2%), or myocardial infarction (2%). All-
cause mortality was 3%, with death usually related to multiorgan 
failure and poor preprocedural LV function. In patients who 
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Figure 40-4 Aortic balloon valvuloplasty. ao, aortic; dp/dt, delta pressure/delta time; lV, left ventricular.
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Representative hemodynamic changes

survived to 30 days, 75% had improved by at least one NYHA 
functional class.

long-TerM resulTs

In adolescents with a bicuspid valve, good results are often seen 
for up to 5 to 10 years, with aortic regurgitation a common 
problem during that time period. In calcific aortic stenosis, 
short-term studies reveal an initial increase in the aortic valve 
gradient as early as 2 days after the procedure, undoubtedly 
related to aortic recoil. There may also be some early improve-
ment in cardiac output that contributes to the increase in aortic 
valve gradient seen early after the valvuloplasty. By 6 months, 
most patients have evidence of significant restenosis, although 
symptoms are related more to diastolic dysfunction than to the 
AVA gradient; if LV remodeling has occurred, symptoms may 
not directly correlate with the measured valve area.

In one study, the probability of recurrent symptoms at 1-year 
follow-up could also be predicted by the baseline EF before the 
procedure. Only those patients with a baseline EF over 45% 
seemed to benefit (see Fig. 40-3). This implies that patients with 
poor LV systolic function are rarely good candidates for percu-
taneous balloon aortic valvuloplasty as a final procedure. Because 

most patients with preserved LV systolic function would clearly 
be candidates for AVR surgery, this limits the value of the pro-
cedure in the older adult patient.

Percutaneous Aortic Valve Replacement

There is a great interest in percutaneous replacement of the 
aortic valve. The procedure involves a stent-mounted aortic 
valve that can be delivered through a catheter and positioned 
directly within the diseased aortic valve. Figure 40-5 illustrates 
the two most common stent-mounted valves under investigation 
and their method of deployment. The Edwards SAPIEN device 
is made of bovine pericardium and is positioned in the diseased 
valve via balloon inflation similar to percutaneous pulmonary 
valve replacement. The device can also be delivered in the oper-
ating room via an LV puncture, thus avoiding cross-clamping 
of the aorta in the situation of a heavily calcified aorta (porcelain 
aorta). A second device, the CoreValve ReValving System 
(Medtronic, Inc.) is made of a self-expanding nitinol frame with 
a porcine pericardial prosthesis implanted. The frame has three 
distinct functional levels with different radial and hoop strengths. 
It figuratively “hangs” from the ascending aorta with the valve 
device positioned in the aortic valve plane. The valve cage is 
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Figure 40-5 Percutaneous aortic valve (Edwards Sapien and CoreValve) replacement.
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constrained just above the aortic valve plane to avoid interfer-
ence with the coronary ostia. Early data suggest the cage does 
not interfere with subsequent coronary angiography or inter-
vention should it be required. Other stented-valve designs are 
also under investigation at this time, and four are currently 
undergoing first-in-human implantations. These newer designs 
are being promoted as allowing smaller arteriotomies, improv-
ing repositioning of the prosthesis during deployment, and 
resulting in less aortic regurgitation. The stented aortic valve 
has also been used in isolated patients to improve stenosis or 
regurgitation of a degenerative bioprosthesis.

IndIcaTIons

Current indications for percutaneous AVR are quite limited. 
Similar to aortic balloon valvuloplasty in the elderly, most 
patients must have significant aortic stenosis with surgical inter-
vention felt to be prohibitive or of exceptionally high risk. Only 

those with the potential for functional clinical improvement 
should be considered. The major anatomic features that com-
plicate the placement are size, degree of tortuosity, and amount 
of calcium in the aorta and iliac and femoral vessels. The current 
catheters in use are generally 22French (F) and 24F for the 
Edwards SAPIEN valve and 18F for the CoreValve. Basal septal 
hypertrophy may also interfere with the valve positioning. At 
this time, bicuspid valves are not considered appropriate because  
of their elliptical orifice. The use of the transcatheter AVR in 
low-gradient, low-output aortic stenosis is still under investiga-
tion. A randomized trial comparing surgical to percutaneous 
valve replacement or medical therapy is ongoing (PARTNER 
[Placement of AoRTic TraNscathetER Valve] Trial).

TechnIques

Under general anesthesia, all patients initially undergo percuta-
neous balloon valvuloplasty before implantation. The selected 
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percutaneous valve must be slightly larger than the aortic 
annulus to ensure anchoring and minimal postprocedural aortic 
regurgitation. Unfortunately, the available percutaneous valves 
are limited to 23 and 26 mm for the Edwards SAPIEN valve; 
the patient’s annulus diameter must therefore be between 18 
and 21 mm for the smaller and between 21 and 24 mm for the 
larger valve. The CoreValve uses a 26-mm valve for an aortic 
annulus between 20 and 23 mm and a 29-mm valve for one 
between 23 and 27 mm. Both valves are positioned during rapid 
ventricular pacing to transiently reduce the cardiac output. The 
Edwards SAPIEN system can be placed either retrograde across 
the valve (see Fig. 40-5) or antegrade across the aortic valve, via 
either an atrial transseptal approach or  via a transapical approach 
in the operating room. The antegrade approach has the advan-
tage of venous instead of arterial access for these large devices, 
and allows placement in patients with significant iliac and 
femoral artery disease. Because the CoreValve device is a self-
expanding stent that positions itself in the ascending aorta, it 
can only be delivered retrograde (see Fig. 40-5). The self-
centering nature of the CoreValve system does allow for  
partial repositioning.

coMplIcaTIons and early resulTs

Because patients currently undergoing these procedures are  
at high risk, complications have been common, although both 
aortic valve pressure gradients and calculated AVA have dem-
onstrated remarkable improvement. Recent studies suggest  
the AVA increases from approximately 0.6 cm2 to 1.5 cm2. Mean 
gradients fall from approximately 40 mm Hg to 8 mm Hg. 
Cardiac output remains unchanged or slightly improves. In  
all of the current series, the average patient age is from 81  
to 83 years. Some aortic regurgitation is common, but severe 
aortic regurgitation is not. In the early series, 30-day mortality 
has been very high, from 13.6% to 17.5%, with a stroke risk  
of 3% to 5%. Other common complications include conversion 
to AVR (2.5% to 7.1%), myocardial infarction (1.2% to 17%), 
bleeding (~5%), pacemaker therapy (~6%), and aortic dissection 
(0.8%). Procedural complications have been somewhat less  
in the CoreValve series as compared with the Edwards  
SAPIEN, although the data are still preliminary. Newer sheath 
systems are being developed to prevent scraping of the  
aortic arch as the device is delivered. Procedural success is  
initially reported as 75% in the Edwards SAPIEN series  
and 88% using the CoreValve. Recent studies using both types 
of valve have shown a steady reduction in periprocedural  
mortality (as low as 1.5%) and an overall improvement in pro-
cedural success (as high as 97%). There are as yet no intermedi-
ate- or long-term studies to help define the durability of  
these devices.

miTral ValVe STenoSiS

Pathophysiology

Obstruction to LV inflow through the mitral valve is usually 
attributed to rheumatic heart disease. Congenital mitral  
valve stenosis may also occur, generally from chordal fusion  
or abnormal papillary muscle positioning. The anterolateral and 

posteromedial LV papillary muscles may be so close that a single 
papillary muscle is evident (the parachute mitral valve). Rarely, 
a mitral web on the atrial side of the mitral leaflet can obstruct 
flow. In the elderly, mitral valve annular calcification may result 
in leaflet stiffening and mitral stenosis, in which calcium invades 
from the annulus toward the center of the valve. There is fre-
quently associated mitral regurgitation. Other causes of mitral 
stenosis are rare: carcinoid (usually in association with a patent 
foramen ovale or an atrial septal defect), systemic lupus erythe-
matosus, rheumatoid arthritis, Fabry’s disease, and amyloidosis. 
Rheumatic involvement predominates as a cause for mitral  
stenosis, and when it is present, the aortic valve is often involved 
as well.

The interval between an episode of acute rheumatic fever  
and symptomatic mitral stenosis averages approximately 16 
years. Most patients do not recall the acute event when  
they ultimately present with symptomatic mitral stenosis.  
Fusion of the commissures between the anterior and posterior 
leaflets is the most characteristic feature of rheumatic mitral 
stenosis. Fusion, thickening, and retraction of the chordae; 
thickening of the valvular leaflets; and calcium deposition  
contribute to the obstructive process. The severity of these 
features has led to an echocardiographic qualitative scoring 
system in which numbers are assigned to each characteristic. 
The mobility of the anterior mitral valve leaflet, the presence  
of valvular thickening, the degree of submitral scarring, and  
the amount of valvular calcification by echocardiography are 
weighted from 1 to 4, helping to define which valves are suitable 
for a percutaneous approach. Figure 40-6 represents the spec-
trum of involvement from transthoracic two-dimensional 
echocardiography.

The location of the commissural fusion also helps predict 
success of balloon dilation. Because the balloon valvuloplasty 
procedure works by tearing the commissural fibrosis that causes 
leaflet fusion, the presence of minimal commissural fusion sug-
gests the gradient may be in the chordae and that the procedure 
will be ineffective. If there is eccentric commissural fusion on 
only one side of the leaflet, the inflated balloon(s) may be forced 
to the nonfused side of the leaflet, increasing the risk of valvular 
or ventricular trauma. The area of the mitral valve measured by 
planimetry usually correlates well with the Doppler-derived 
valve area. When the planimetric area seems much larger than 
the Doppler-derived area, this dichotomy may signal the pres-
ence of a significant submitral gradient.

Indications for Intervention

Mitral valve stenosis results in obstruction to LV inflow and an 
elevated left atrial (LA) pressure. Any activity that increases flow 
(e.g., exercise) or shortens diastolic time (e.g., the onset of a 
rapid tachycardia, such as atrial flutter or fibrillation) increases 
the mitral gradient. When the pressure gradient across the 
mitral valve is increased, symptoms of dyspnea and pulmonary 
congestion emerge. The decision to intervene in mitral stenosis 
is based primarily on exertional symptoms or evidence for  
pulmonary hypertension.

Pulmonary hypertension that is greater than would  
be expected from the magnitude of the LA pressure alone  
(secondary stenosis at the pulmonary capillary level) may be 
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Figure 40-6 Mitral balloon valvuloplasty. aMl, anterior mitral leaflet; aoV, aortic valve; la, left atrium; lV, left ventricle; 
pMl, posterior mitral leaflet; rV, right ventricle; sVTh, subvalvular thickening.
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Inoue balloon mitral valvuloplasty. The Inoue balloon is seen partially inflated in the stenotic 
mitral stenosis orifice on the left (A) and fully inflated on the right (B). See text for description of 
the procedure.

present. Although the trigger for the excessive elevation in the 
pulmonary vascular resistance is unknown, endothelin and adre-
nomedullin, both potent pulmonary vasoconstrictors, may be 
involved. Because pulmonary hypertension in this situation may 
regress following balloon valvuloplasty or valve replacement, 
evidence for pulmonary hypertension or right-sided heart 
failure, even without congestive symptoms, is an indication for 
intervention in mitral stenosis.

Whether to proceed with valve replacement or valvuloplasty 
depends on the morphology of the stenosed mitral valve. Several 
echocardiographic scoring systems have been suggested, the 
most popular being the Massachusetts General Hospital System, 
in which each of four characteristics is graded 1 to 4, with 1 
being minimal involvement (Table 40-1). The higher the score, 
the less likely it is that a satisfactory result will be obtained by 
percutaneous balloon dilation and the more likely that 
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Table 40-1 anatomic classification of the stenotic Mitral Valve: The Massachusetts general hospital system

measurement Valve Score

a. leaflet mobility 1. highly mobile valve with only leaflet tip restriction
2. Midportion and base of leaflets with reduced mobility
3. Valve leaflets move forward in diastole mainly at the base
4. no or minimal forward movement of the leaflets in diastole

B. Valvular thickening 1. leaflets minimally thickened (4–5 mm)
2. Midleaflet thickening, pronounced thickening of the margins
3. Thickening extends through the entire leaflets (5–6 mm)
4. pronounced thickening of all leaflet tissue (>8 mm)

c. subvalvular thickening 1. Minimal thickening of chordal structures just below the valve
2. Thickening of the chordae extending up to one third of the chordal length
3. Thickening extending to the distal third of the chordae
4. extensive thickening and shortening of all chordae extending down to the papillary muscles

d. Valvular calcification 1. a single area of increased echo brightness
2. scattered areas of brightness confined to the leaflet margins
3. Brightness extending to the midportion of the leaflets
4. extensive brightness through most of the leaflet tissue

assessment a “0” score implies normal valve morphology. a total valve score of ≤8 implies a mobile valve 
amenable to percutaneous valvuloplasty. progressively higher total valve scores result in less 
favorable outcomes, both acutely and in the long term.

With permission from Wilkins GT, Weyman AE, Abascal VM, et al. Percutaneous balloon dilatation of the mitral valve: an analysis of 
echocardiographic variables related to outcome and the mechanism of dilatation. Br heart J. 1988;60:299–308.

treatment should be by valve replacement. The scoring system 
has successfully predicted acute results in many studies; a score 
greater than 8 is more likely to be associated with a suboptimal 
result.

Before the procedure, patients undergo transesophageal 
echocardiography to ensure that no atrial thrombus is present 
and to provide an additional assessment of the valvular morphol-
ogy. Patient age or a history of surgical commissurotomy does 
not significantly influence the acute results of the procedure, 
provided the valvular morphology is favorable. In general, a 
symptomatic patient with a reasonably low morphology score 
and less than 2+ mitral regurgitation is a candidate for percuta-
neous mitral valvuloplasty. Essentially all patients with symp-
toms related to mitral stenosis have a calculated mitral valve area 
(MVA) of less than 1.5 cm2.

Technique

Early experience and suboptimal results with single-balloon 
techniques initially prompted the development of double- 
balloon techniques to further expand the mitral orifice.  
Since then, a unique single-balloon technique using the  
Inoue balloon has become the most popular method. Most labo-
ratories use an antegrade approach that requires transseptal 
catheterization. Right-sided heart catheterization and ventricu-
lography initially determine the degree of mitral regurgitation, 
cardiac output, pulmonary pressure, the valve gradient, and  
the MVA. Some interventionalists use a right atrial angiogram 
with LA levophase filling to guide transseptal needle 
placement.

Transseptal catheterization is performed using a hollow 
Brockenbrough needle within an 8F Mullins sheath. Continu-
ous pressure monitoring alerts the operator if the needle punc-
tures the aorta or enters the pericardium. Once the sheath has 
been advanced into the left atrium, the needle is removed, the 
mitral gradient remeasured, and MVA calculated.

Double-balloon techniques are more complex than the Inoue 
balloon method. Some operators favor using double balloons 
that are positioned side by side using two guide wires. Other 
systems are available that use two balloons on a single catheter 
(the bifoil system) or two balloons on a single guide wire (the 
Multi-Track System). In any approach, the dilating balloons are 
then positioned side by side across the mitral valve and simul-
taneously inflated one to four times with dilute contrast (see Fig. 
40-6). When the procedure is completed, the mitral gradient is 
remeasured and the left ventriculogram repeated to assess any 
residual mitral regurgitation.

The Inoue balloon method simplifies the procedure. The 
12F balloon catheter is designed so the distal end of the balloon 
inflates before the proximal end, allowing balloon positioning 
across the mitral valve, inflation of the distal end, and pulling 
of the remaining balloon into the mitral orifice before inflation 
of the entire balloon. With double balloons, the maximum 
diameter is predetermined and dependent on the inflated 
maximum balloon diameter(s). With the Inoue system the diam-
eter depends on the amount of contrast used to inflate the 
balloon. This feature allows for graded increases in the diameter 
of the balloon during the procedure without replacing the entire 
balloon catheter. The balloon size can be determined from 
echocardiographic measurements of the mitral annulus or by the 
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patient’s height. The most commonly used sizes are maximum 
diameters of 26 mm and 28 mm.

Once in the left ventricle, the balloon is sequentially inflated 
in the mitral valve orifice in increments of 1 to 2 mm. The LA 
pressure and the mitral gradient are reevaluated after each 
balloon inflation. Echocardiography of the chest wall between 
each inflation increment allows observation of any change in the 
mitral valve and any Doppler evidence of mitral regurgitation. 
If mitral regurgitation is present or if the valvular gradient has 
been satisfactorily reduced, the procedure is completed.

Acute Results and Complications

Immediate improvement in the hemodynamic and clinical out-
comes has been found in virtually all studies. A 50% to 70% 
decrease in the transmitral gradient with an accompanying 50% 
to 100% increase in the MVA is a reasonable expectation on the 
basis of these studies. A median preprocedural MVA of 0.9 cm2 
can be expected to improve to a postprocedural MVA of 1.9 cm2. 
Similarly, the preprocedural mitral gradient of approximately 
14 mm Hg generally is approximately 6 mm Hg following val-
vuloplasty. Cardiac output tends to remain unchanged acutely. 
The postprocedural valve areas are similar with the double-
balloon method or the Inoue system. About 8% to 10% of  
valve areas will not improve to a final valve area of greater  
than 1.0 cm2.

Pulmonary pressures fall immediately, consistent with the 
change in LA pressure. In patients with severe pulmonary 
hypertension, the pulmonary pressures drop further by 24 hours 
and continue to decline during the ensuing months.

The issues involved in the relationship between the valve area 
and valve flow discussed in the assessment of the results of aortic 
valvuloplasty also pertain to mitral valvuloplasty. A successful 
procedure is generally defined as a 50% improvement in the 
MVA or a final MVA of more than 1.5 cm2 plus no more than 
2+ mitral regurgitation. An acute success rate of approximately 
90% can be expected, depending on the valvular morphology. 
The major factors identified as predictive of success are a low 
valvular score by whatever method and the absence of significant 
baseline mitral regurgitation.

Complications from percutaneous mitral valvuloplasty have 
declined as the learning curve of the procedure has improved, 
and the procedure has largely been restricted to the relatively 
few centers that perform the procedure frequently. Table 40-2 
summarizes figures for acute complications from several reviews. 
With the routine use of transesophageal echocardiography 
before the procedure, the risk of embolic events has virtually 

disappeared. Major complications are related to the transseptal 
technique and the development of significant mitral regurgita-
tion from injury to the mitral valve apparatus. The use of serial 
echocardiography following each balloon dilation has increased 
awareness of any developing mitral regurgitation, allowing the 
procedure to be aborted before serious mitral regurgitation 
develops. Careful attention to the change in the LA v wave 
during the procedure is also important, with an increase predic-
tive of acutely worsening mitral regurgitation.

Long-Term Results

Ten-year survival rates have been reported at 85% to 97%, with 
event-free survival rates of 61% to 72%. Event-free survival 
seems to be dependent on optimal valve morphology, the pres-
ence of sinus rhythm, lower LA pressures, and no more than 2+ 
mitral regurgitation following the procedure. Survival (82% vs. 
57%) and event-free survival (38% vs. 22%) rates at 12-year 
follow-up are better in patients with an echocardiography score 
of 8 or below than in those with scores above 8. Atrial fibrillation 
and valvular calcium have a negative effect on event-free 
survival.

Essentially all studies emphasize the impressive improvement 
in patients’ symptoms after percutaneous balloon mitral valvu-
loplasty. Serial hemodynamic studies suggest that clinical reste-
nosis may not correlate well with anatomic restenosis. One 
report of serial echocardiographic restenosis data in 310 patients 
with high baseline echocardiography scores assessed restenosis, 
defined as an MVA of less than 1.5 cm2 and/or at least 50% loss 
of the initial MVA increase. Acute procedural success (a final 
valve area >1.5 cm2) occurred in 66% of patients. The cumula-
tive restenosis rate was approximately 40% at 6 years after  
successful valvuloplasty. The only independent predictor of 
restenosis was the echocardiographic score (the probability of 
restenosis at 5 years was 20% for scores <8 vs. 61% for scores 
≥8). The decline in MVA and the occurrence of restenosis were 
gradual and progressive during follow-up.

Clinical restenosis data are more impressive. Mitral valve 
anatomy always seems to predict the symptomatic outcome. 
The clinical restenosis rate has been reported at 20% to 39% 
at 7 years after valvuloplasty. A 10-year clinical restenosis rate 
of 23% was found for those with an echocardiography score of 
8 or lower, 55% for those with an echocardiography score of 9 
to 11, and 50% for those with a score of 12 or higher.

coMparaTIVe daTa wITh surgIcal  
coMMIssuroToMy

Studies comparing surgery and balloon valvuloplasty have 
shown similar initial results. In 60 patients with favorable 
anatomy randomized to valvuloplasty (using the double-balloon 
technique) or open surgical commissurotomy, excellent early 
results were reported with both techniques. However, at 3 years 
the MVAs of the balloon valvuloplasty patients were actually 
better than those of the surgical group (2.4 cm2 vs. 1.8 cm2), and 
72% of the valvuloplasty patients were in NYHA functional 
class I as compared with 57% of the surgical group.

In another study, 90 patients were randomized to valvulo-
plasty, open commissurotomy, or closed commissurotomy and 

Table 40-2 contemporary complications associated 
with percutaneous Mitral Valvuloplasty

Complication estimates (%)

emergency cardiac surgery 1–4
cardiac perforation-tamponade 0.5–4
significant mitral regurgitation 2–3
cerebrovascular accident–embolic events 0.5–1.5
death 0–1
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followed for 7 years. Little difference existed between the val-
vuloplasty patients and the open-commissurotomy patients at 
the conclusion of the study. The valvuloplasty and open surgical 
procedure groups had less clinical restenosis than the closed-
commissurotomy group (0% for the valvuloplasty and open-
commissurotomy groups, 27% for the closed surgical group). 
At 7 years, 87% of the valvuloplasty patients and 90% of the 
open-commissurotomy patients were in NYHA functional class 
I, as compared with 33% of the closed surgical commissurotomy 
patients.

It appears that balloon valvuloplasty is equivalent or superior 
to surgical commissurotomy for symptomatic mitral stenosis, at 
least through the first 7 years after the procedure, so long as the 
preprocedural valve score falls within an acceptable range. 
Hence, the percutaneous approach is advocated in those with 
appropriate valve morphology.

miTral ValVe regurgiTaTion

Pathophysiology

Mitral regurgitation can result from any abnormality of the 
mitral valve apparatus. The mitral valve apparatus includes the 
mitral annulus, the valve leaflets, the chordae, the papillary 
muscles, and the supporting myocardium. Clinically, mitral 
regurgitation is considered either primarily valvular (mitral 
valve prolapse, rheumatic disease, endocarditis, annular calcium, 
systolic anterior motion from hypertrophic cardiomyopathy, 
ruptured chordae or papillary muscle, aberrant chordal attach-
ments, cleft leaflets, etc.) or primarily functional (dilated annulus, 
displacement of the papillary muscles in a dilated cardiomyopa-
thy, post infarction, LV aneurysm, etc.).

There are fundamentally four main categories of percutane-
ous approaches to reducing mitral regurgitation severity. One 
approach takes advantage of the proximity of the mitral annulus 
to the coronary sinus and attempts to remodel the mitral annulus 
by crimping it with an implanted coronary device. Three systems 
have been studied that use this approach: (1) the percutaneous 
transvenous mitral annuloplasty (PTMA) approach (Viacor 
PTMA [Viacor, Wilmington, MA]), (2) the Carillon Mitral 
Contour System (Cardiac Dimensions, Kirkland, WA), and  
(3) the Monarch system (Edwards Lifesciences). A second 
approach utilizes the concept of creating a double-orifice mitral 
valve with a transvalvular clip (the eValve MitraClip [Evalve, 
Inc., Menlo Park, CA]) or stitch (the Mobius device, Edwards 
Lifesciences). A third concept under investigation includes 
attempts to remodel the mitral valve complex and annulus using 
a transventricular suture-based method (Percutaneous Suture 
Annuloplasty [Mitralign, Inc., Tewksburg, MA], and AccuCinch 
[Guided Delivery Systems, Santa Clara, CA]), or even a radio-
frequency application (Quantum-Cor Endovascular Device 
[Quantum-Cor, San Clemente, CA]). Finally, systems have been 
developed to reduce the mitral annular septal-to-lateral-wall 
dimension by tugging on it from the atrial septum (Percutane-
ous Septal Sinus Shortening or PS3 System [Ample Medical, 
Foster City, CA]) or by pinching it between the epicardial sur-
faces (iCoapsys [Myocor, Inc., Maple Grove, MN]). A percuta-
neous mitral cerclage method wherein the entire mitral annulus 
is reduced with an encircling string has been proposed as well.

Indications for Intervention

In patients with chronic mitral regurgitation, current guidelines 
suggest that intervention should be performed for symptoms, 
for pulmonary hypertension, or if detrimental effects on the LV 
from chronic volume overload are apparent. In accordance with 
recent guidelines, mitral valve replacement or mitral repair is 
generally recommended when the LV EF is less than 60% or 
the LV end-systolic dimension is greater than 4.0 cm by echo-
cardiography in the face of severe mitral regurgitation. A variety 
of noninvasive and invasive hemodynamic parameters may be 
used to estimate mitral regurgitation severity. Mitral regurgita-
tion is common, with approximately 9% to 10% of the popula-
tion over 75 years of age exhibiting some degree, including 15% 
to 20% of those with heart failure.

Percutaneous Mitral Edge-to-Edge Repair

The MITraclIp

As shown in Figure 40-7, the Mitraclip device is placed within 
the mitral orifice via a transseptal catheter approach using a 24F 
guide catheter that tapers to a 22F at its distal end. The system 
delivers a two-armed polyester clip that grabs up to 8 mm of 
mitral tissue on each side. Once delivered, a double-orifice 
mitral valve is created and the clip device remains attached to 
the mitral leaflets.

This procedure has the greatest amount of available clinical 
data for percutaneous mitral regurgitation reduction. The 
EVEREST I (Endovascular Valve Edge-to-Edge Repair) Study 
confirmed its clinical safety, and the EVEREST II Study is 
ongoing. This latter phase II study randomizes patients 2 : 1 
(Mitraclip vs. surgery). Of the initial 102 patients in the two 
trials, 79% have degenerative mitral valve disease and the rest 
have functional mitral regurgitation. Acute procedural success 
(clip placement and ≤2+ mitral regurgitation) has been demon-
strated in 84%. At 30 days, 91% were free of adverse major 
events; 9% had partial clip detachment. At 1 year, approximately 
70% have improved, and a similar number have avoided further 
surgery. Those who have improved have now maintained that 
improvement out to 24 months. A total of approximately 400 
patients have undergone percutaneous mitral repair. Initial 
results suggest that the percutaneous method remains inferior 
to surgical repair. The procedure appears well tolerated and 
does not interfere with eventual surgical repair if needed. Its 
role still remains to be defined.

MoBIus sTITch repaIr

The Mobius Leaflet Repair System is similar to the MitraClip 
device, except an actual percutaneous stitch sutures the leaflets 
together. A 10F catheter is used, and a transseptal approach is 
required. The therapy catheter vacuums, captures, and delivers 
a 4-0 suture to the free edges of the mitral valve, and a 7F cath-
eter deploys a nitinol suture clip and cuts the excess suture. It 
is possible to remove the suture before deploying the clip. Early 
results in the first 15 patients were unsatisfactory, and the device 
is undergoing further refinement before additional studies are 
contemplated.
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Transcatheter Coronary Sinus Techniques

Transcatheter coronary sinus techniques attempt to reshape the 
mitral annulus and to reduce the septal-lateral LV wall dimen-
sion. In the majority of patients, the coronary sinus is superior 
to the mitral annulus and in direct contact with it. The coronary 
sinus is closest to the mitral annulus at its proximal end and 
farthest at its distal ends. The left circumflex coronary artery 
also lies in this plane and crosses over the coronary sinus in 
approximately 75% of patients. The coronary sinus also has 

variable branching points that alter its relationship with the 
mitral annulus. All of these anatomic issues come into play when 
attempts at reducing the septal-lateral annulus dimension are to 
be made using coronary sinus catheters.

VIacor pTMa coronary sInus deVIce

The Viacor PTMA device is a 7F multilumen catheter. Up to 
three rods of varying stiffness and length can be inserted within 
the catheter to alter the stiffness. The concept is to exert an 

Figure 40-7 Mitral clip procedure for mitral regurgitation. MV, mitral valve.
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outward force at the proximal and distal segments and to create 
anterior displacement of the P2 segment of the mitral valve due 
to the decrease in septal-lateral dimension of the mitral annulus 
(Fig. 40-8).

After initial animal studies were promising, the device has 
been tested in a phase I trial, PTOLEMY I (Percutaneous 
TransvenOus Mitral AnnuloplastY), in Europe and Canada. In 
the initial 27 patients, 8 had unsuitable anatomy. Subsequently, 
13 of 19 patients with successful device delivery had a reduction 
in the severity of mitral regurgitation. In 4, however, the device 
had to be removed early (1 due to fracture and 3 due to device 
migration). PTOLEMY II is currently underway after some 
device modifications. It will evaluate the device in patients with 
symptoms and LV dysfunction.

carIllon MITral conTour sysTeM

The Carillon Mitral Contour System (Cardiac Dimensions) is 
a curved nitinol bridge that is anchored on both ends by helical 
nitinol loops. It is delivered via the right internal jugular vein 
in a 9F sheath. After deploying the distal anchor in the great 
cardiac vein, tension is applied by virtually pulling on the system 
and then deploying the proximal anchor. The device is capable 
of being repositioned if necessary.

After animal studies suggested a fourfold reduction in mitral 
regurgitation-LA area, a European trial was begun that was 
called AMADEUS I (Carrilon Mitral Annuloplasty Device 
European Union Study). The device was successfully deployed 
in 30 of 43 (70%), and 80% had at least one grade reduction  
in the mitral regurgitation. Coronary artery compromise  
was noted in 6 (14%). Major adverse events noted at 30 days 
included one death, two myocardial infarctions, one dissection, 
two coronary sinus perforations, and one anchor displacement. 
All unsuccessful implants were able to be recaptured without 
complications.

coronary sInus deVIces For  
MITral regurgITaTIon

Another novel approach to reducing the mitral annular size via 
the coronary sinus is the Edwards MONARC device (Edwards 
Lifesciences) (see Fig. 40-8). The catheter is inserted into the 
coronary sinus and anchored with stents on each end. Between 
the stents is a springlike nitinol bridging segment that contains 
a biodegradable substance. The device is first implanted; then 
the biodegradable substance resorbs over time and the nitinol 
spring re-forms to its original curved shape, bringing the proxi-
mal and distal ends closer together. This displaces the posterior 

Figure 40-8 Coronary sinus devices for mitral regurgitation. pTMa, percutaneous transvenous mitral annuloplasty.
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mitral annulus anteriorly and reduces the septal-lateral valve 
annulus dimension. This reforming of the device occurs over 
several days to weeks, so the actual impact on the mitral annulus 
is unknown until after implantation.

The initial human experience with the Viking System (Viking 
Systems, La Jolla, California) suggested an improvement in 
mitral regurgitation, although separation of the nitinol bridge 
segment was a common problem. This has led to a phase I trial 
(EVOLUTION) in patients with functional mitral regurgita-
tion wherein the success rate for implantation was 59 out of  
72 (82%). Freedom from major adverse events was 91% at 30 
days and 86% at 90 days. Notably, coronary compression was 
angiographically noted in 15 of 50 patients at follow-up (30%). 
A nonrandomized phase II trial is under way.

Direct and Indirect  
Annuloplasty Approaches

Directly reducing the mitral annular size in the septal-lateral 
position by only 20% has been shown to considerably reduce 
the severity of mitral regurgitation. Instead of cinching the 
mitral annulus via the coronary sinus, there are several direct 
and indirect percutaneous annuloplasty techniques under  

investigation. None have enough patients enrolled in their first-
phase trials to determine whether the methods will be useful in 
the future, so only a brief mention is made here.

MITralIgn sysTeM

The Mitralign System attempts to replicate a surgical suture 
annuloplasty. Via the femoral artery, a 14F catheter is inserted 
across the aortic valve and, using a deflector tip, the catheter is 
pointed toward the mitral annulus. Pledgets are then anchored 
across the mitral annulus from the left ventricle to the left 
atrium in several positions along the mitral annulus (Fig. 40-9). 
These anchors are then tethered, and tension between them 
decreases the septal-lateral annulus diameter. Phase I trials are 
under way in Europe.

accucInch

The AccuCinch System (Guided Delivery Systems) also is a 
catheter system that allows retrograde access to the subannular 
space under the mitral valve. As with the Mitralign System, 
pledget anchors are delivered across the mitral annulus and a 
cinching cable is used to reduce the septal-lateral dimension. 

Figure 40-9 Mitral annuloplasty with the Mitralign System.
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The device has been surgically tested with percutaneous phase 
I trials set to begin.

coapsys and Icoapsys

An external approach to implanting anchors on the outside of 
the heart with the cinching cable crossing the left ventricle 
intraventricularly has been investigated. The surgically placed 
approach (Coapsys, Myocor, Inc.) results in a reduction in the 
septal-lateral mitral annulus and displaces the papillary muscles 
toward a more superior position, both helpful in functional 
mitral regurgitation (Fig. 40-10). Two trials have been com-
pleted, the latter (RESTOR-MV, or Randomized Evaluation of 
a Surgical Treatment for Off-pump Repair of the Mitral Valve) 
randomized 138 patients with acceptable initial results, includ-
ing the acute reduction in mitral regurgitation from 3+ to 1+ in 
most patients.

The iCoapsys method is a subxiphoid pericardial approach 
wherein a needle punctures the left ventricle and a transven-
tricular cord is passed and exteriorized. The sizing cord is then 
pulled to reduce the LV geometry. A prospective, nonrandom-
ized study on its feasibility, the VIVID (Valvular and Ventricu-
lar Improvement via iCoapsys Delivery) Study, has been 
launched.

percuTaneous sepTal sInus shorTenIng  
(p3 sysTeM)

Following coronary sinus and transseptal puncture, magneti-
cally tipped catheters are used to place a T-bar into the coronary 
sinus from the LA side. A cord attached to the T-bar traverses 
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Figure 40-10 Coapsys device. Modified from pedersen wr, 
Block pc, Feldmen Te, et al. The icoapsys repair 
system for percutaneous treatment of functional 
mitral insufficiency. Eurointervention. 
2007;1:a44-a48.

the left atrium and is pulled back through the transseptal  
puncture site. Here it is attached to an atrial-septal occluder, 
and tension is then applied pulling the T-bar (and the mitral 
annulus) toward the atrial septum. Animal studies have been 
completed, and the initial patients studied have shown a reduc-
tion in mitral regurgitation and up to a 31% change in the 
septal-lateral mitral annular dimension. Phase I trials are being 
developed.

quanTuMcor radIoFrequency  
aBlaTIon (quanTuMcor)

Using a catheter with a ring at its end creating a 40-mm-diam-
eter loop, 7 electrodes with 14 thermocouples spaced along the 
middle third of the loop has been developed. The catheter is 
placed with the loop resting on the mitral annulus. Radiofre-
quency energy is then emitted between the electrodes, and the 
heat generated results in shrinkage of the mitral annulus. Animal 
models suggest about a 20% reduction in annular septal-lateral 
dimension. Studies in humans are planned.

In summary, there remains a wide variety of percutaneous 
approaches attempting to reduce mitral regurgitation. None 
have yet emerged as applicable to the large patient population 
that would benefit. All remain in various stages of technical 
development.

TriCuSPiD ValVe STenoSiS

Pathophysiology

Tricuspid valve anatomy is more variable than mitral anatomy. 
The three leaflets of the tricuspid valve are of unequal size; the 
septal leaflet is the smallest, the anterior leaflet the largest. 
Although some chordae attach to distinct papillary muscles  
in the right ventricle, they also attach directly to the RV  
endocardium. Therefore, tricuspid regurgitation is a frequent  
occurrence when the right ventricle dilates from any cause. The 
orifice of the tricuspid valve is considerably larger than the 
mitral orifice, the normal tricuspid valve area being approxi-
mately 10 cm2. Considerable valve stenosis must be present to 
obstruct the RV inflow. Although a mean gradient of 2 mm Hg 
establishes the diagnosis, most consider a mean gradient of at 
least 5 mm Hg or a calculated valve area of less than 2.0 cm2 to 
indicate significant tricuspid valve stenosis.

Tricuspid valve stenosis is decidedly uncommon and essen-
tially never an isolated lesion. Rheumatic disease accounts  
for 90% of tricuspid stenosis cases. Of patients with rheumatic 
mitral valve disease, approximately 3% to 5% have associated 
tricuspid stenosis. Commissural fusion is present, but the  
fibrosis and/or fusion of the chordae is seen less often than  
is observed in rheumatic mitral stenosis. Leaflet calcium  
is uncommon.

In the United States, the second most common cause of 
tricuspid stenosis is carcinoid syndrome. Carcinoid plaque 
thickens the leaflets and the chordae, and commissural fusion is 
unusual. The valves often appear virtually frozen in position, 
resulting in both tricuspid stenosis and tricuspid regurgitation. 
Congenital forms of tricuspid stenosis exist and are generally 
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due to abnormalities in the leaflets (absent or decreased number), 
in the chordae (absent, reduced number, or shortened), and/or 
in the papillary muscles (reduced number). Tricuspid repair to 
reduce functional tricuspid regurgitation is commonplace 
during mitral valve replacement, and the associated reduction 
in the tricuspid annulus can lead to tricuspid stenosis when the 
annulus is undersized.

Open surgical commissurotomy on the tricuspid valve is 
rarely performed because of the high risk of tricuspid regurgita-
tion. It is particularly inadvisable to open the commissure 
between the anterior and posterior leaflets, although surgical 
commissurotomy may succeed if fusion is relieved between the 
anterior and septal or the posterior and septal leaflets. On the 
basis of surgical experience, the use of balloon valvuloplasty is 
limited in all of the conditions that cause tricuspid stenosis.

Indications

Patients with tricuspid stenosis usually present with low cardiac 
output, fatigue, anasarca, and abdominal swelling from hepato-
megaly and ascites. Giant a waves may be visible in the neck and 
even felt by the patient. Symptomatic tricuspid stenosis is an 
acceptable reason to consider intervention. The limiting factor 
is usually associated tricuspid regurgitation. Balloon valvulo-
plasty could be considered in the unlikely circumstance that a 
patient was not a surgical candidate and had limited tricuspid 
regurgitation or would clinically benefit from conversion from 
tricuspid stenosis to tricuspid regurgitation.

Procedure and Results

There are few data on the use of percutaneous balloon tricuspid 
valvuloplasty. The technical aspects are similar to percutaneous 
mitral valvuloplasty except that no transseptal procedure is 
required. In the NHLBI Balloon Valvuloplasty Registry, only 
three patients underwent the procedure on a native valve.

Most tricuspid valvuloplasty procedures have been performed 
in patients who had both mitral and tricuspid valvuloplasty at 
the same setting. Results of these procedures also include data 
on the treatment of tricuspid stenosis from carcinoid syndrome. 
No long-term reports exist about the efficacy of tricuspid  
valvuloplasty in any setting.

percuTaneous TrIcuspId ValVe replaceMenT

A novel percutaneous tricuspid valve has been placed in an 
animal model. The device is a prototype nitinol stent with two 
large disks separated by a thin cylinder. Within the cylinder is 
mounted an 18-mm bovine jugular vein. No human experience 
has yet been reported.

BioProSTHeTiC ValVe STenoSiS

Pathophysiology

Porcine or bovine pericardial prosthetic valves may be implanted 
in any valvular position. All of these valves have a limited life 
span because of eventual mineralization and collagen degenera-
tion. Cuspal tears, fibrin deposition, disruption of the 

fibrocollagenous structure, perforation, fibrosis, and calcium 
infiltration appear after a few years; by 10 years, tissue valve 
failure occurs in approximately 30% of patients. By 15 years, 
more than 50% of the valves have failed. The degenerative 
structural changes occur earlier in valves in the mitral compared 
with the aortic position, because of greater hemodynamic stress 
on the mitral valve. Patients on dialysis seem to be particularly 
susceptible to early valve failure. Other identified factors associ-
ated with valve failure include younger age, pregnancy, and 
hypercalcemia.

Commissural fusion is uncommon in these valves, the major 
problem being leaflet immobility. At times these valves become 
relatively stenotic immediately after surgery from undersizing 
(patient-prosthetic mismatch). From an anatomic standpoint, 
the use of percutaneous balloon valvuloplasty procedures seems 
problematic given the lack of commissural fusion.

Prosthetic Valvuloplasty and  
Percutaneous Valve Replacement

Limited data exist about the use of balloon procedures in pros-
thetic valve stenosis. Success in two patients with porcine tri-
cuspid stenosis has been described, although little follow-up 
data were available and “restenosis” quickly occurred in one 
patient. The NHLBI Balloon Valvuloplasty Registry reported 
four successful procedures with no follow-up. In every instance 
of our investigations of explanted porcine valves, considerable 
trauma occurred to the explanted valve, and balloon techniques 
did not seem to be a viable option. No prospective studies have 
addressed the safety and efficacy of this procedure, and on the 
basis of the evidence available, it is not recommended. In the 
future, bioprosthetic valve degeneration may be treated by use 
of the percutaneous valve replacement techniques discussed 
earlier. Already isolated case reports have suggested that this is 
a potentially viable option.

EvidEncE

al Zaibag M, Ribeiro P, AI Kasab S. Percutaneous balloon valvotomy in 
tricuspid stenosis. Br Heart J. 1987;57:51–53.

Describes the first successful treatment of tricuspid stenosis by percutaneous 
double-balloon valvotomy, demonstrating the feasibility of the nonsurgical 
treatment of severe tricuspid stenosis.

Ben Farhat M, Ayari M, Maatouk F, et al. Percutaneous balloon versus 
surgical closed and open mitral commissurotomy: seven-year follow-up 
results of a randomized trial. Circulation. 1998;97:245–250.

Study demonstrating that balloon mitral commissurotomy should be the treat-
ment of choice in selected patients with rheumatic mitral valve stenosis.

Bonow RO, Carabello BA, Chatterjee K, et al. ACC/AHA 2006 practice 
guidelines for the management of patients with valvular disease. J Am 
Coll Cardiol. 2006;48:e1–e148.

Most recent update from the ACC and AHA on standards of care in treating 
valvular heart disease.

Boudjemline V, Agnoletti G, Bonnet D, et al. Steps toward the percu-
taneous replacement of atrioventricular valves: an experimental study.  
J Am Coll Cardiol. 2005;46:360–365.

Describes percutaneous implantation of a nitinol semilunar valve in the tricus-
pid position in ewes.



chapTer 40 • percutaneous catheter-based Therapy for Valvular heart disease 351

Dotter CT, Judkins MP. Transluminal treatment of atherosclerotic 
obstruction: description of a new technique and a preliminary report of 
its application. Circulation. 1964;30:654–670.

Landmark study showing percutaneous dilation of iliac artery stenosis.

Grube E, Schuler G, Buellesfeld L, et al. Percutaneous aortic valve 
replacement for severe aortic stenosis in high risk patients using  
the second and current third generation self-expanding CoreValve  
prosthesis. J Am Coll Cardiol. 2007;50:69–76.

Showed that treatment of severe aortic valve stenosis in high-risk patients  
with percutaneous implantation of the CoreValve prosthesis was feasible and 
associated with a lower mortality rate than predicted by risk algorithms.

Harrison JK, Wilson JS, Hearne SE, Bashore TM. Complications 
related to percutaneous transvenous mitral commissurotomy. Cathet 
Cardiovasc Diagn. 1994;2(Suppl):52–60.

Describes incidence of complications of mitral valvuloplasty including cardiac 
perforation, embolic stroke, and severe mitral regurgitation.

Lurz P, Coats L, Khabadkone S, et al. Percutaneous pulmonary valve 
implantation: impact of evolving technology and learning curve on clini-
cal outcome. Circulation. 2008:117:1964–1972.

Data demonstrating that percutaneous pulmonary valve implantation resulted 
in the ability to avoid surgical RV outflow tract revision in the majority of cases.

Multicenter experience with balloon mitral commissurotomy. NHLBI 
Balloon Valvuloplasty Registry Report on immediate and 30-day follow-
up results. The National Heart, Lung, and Blood Institute Balloon 
Valvuloplasty Registry Participants. Circulation. 1992;85:448–461.

Reported that balloon mitral commissurotomy, as practiced in a broad range of 
experienced centers, produced significant short-term hemodynamic and clinical 
improvement.

Percutaneous balloon aortic valvuloplasty: acute and 30-day follow-up 
results in 674 patients from the NHLBI Balloon Valvuloplasty Registry. 
Circulation. 1991;84:2383–2397.

Showed that in patients with reasonably preserved LV function who are other-
wise inappropriate surgical candidates because of comorbid factors, survival  
and early improvement in symptomatic status are frequently observed after 
percutaneous aortic valvuloplasty.

Piazza N, Asgar A, Ibrahim R, Bonan R. Transcatheter mitral and pul-
monary valve therapy. J Am Coll Cardiol. 2009;53:1837–1851.

Provides an update on the clinical status, applicability, and limitations of 
transcatheter mitral and pulmonary valve therapies.

Reyes VP, Raju BS, Wynne J, et al. Percutaneous balloon valvuloplasty 
compared with open surgical commissurotomy for mitral stenosis.  
N Engl J Med. 1994;331:961–967.

Reported that in the treatment of mitral stenosis, balloon valvuloplasty and  
open surgical commissurotomy have comparable initial results and low rates of 
restenosis, and both produce good functional capacity for at least 3 years.

Warnes CA, Williams RG, Bashore TM, et al. ACC/AHA 2008  
guidelines for the management of adults with congenital heart disease: 
executive summary. J Am Coll Cardiol. 2008;52:1890.

Most recent update from the ACC and AHA on standards of care in treating 
adults with congenital heart disease.

Webb JG, Pasupati S, Humphries K, et al. Percutaneous aortic  
valve replacement in selected high risk patients with aortic stenosis. 
Circulation. 2007;116:755–763.

Demonstrated feasibility of percutaneous aortic valve replacement in high-risk 
patients with severe symptomatic aortic stenosis.

Zajarias A, Cribier AG. Outcomes and safety of percutaneous aortic 
valve replacement. J Am Coll Cardiol. 2009;53:1829–1836.

Midterm follow-up showed no evidence of restenosis or prosthetic valve  
dysfunction in 4000 cases worldwide treated with transcatheter aortic valve 
replacement for symptomatic aortic stenosis.
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Surgical Treatment of Valvular  
Heart Disease

Michael E. Bowdish, Michael R. Mill, and Brett C. Sheridan

C ompetency of the atrioventricular valves allows blood to 
enter the ventricles, where pressure is generated. When 

adequate systolic blood pressure is generated, the aortic and 
pulmonary valves open, allowing blood to enter the arterial 
system. The atrioventricular valves close, preventing the flow of 
blood into the atria. During diastole, the aortic and pulmonary 
valves close, the atrioventricular valves open, and the ventricles 
fill and ultimately begin the cycle of pulsatile blood flow through 
the systemic and pulmonary vascular tree.

Malfunction of any of the cardiac valves results in a less 
efficient circulatory system. Valvular dysfunction causes work 
overload in one or both ventricles. In extreme cases, resultant 
congestive heart failure can cause death. More information 
about etiology, pathogenesis, differential diagnoses, and diag-
nostic approaches used for evaluation of valvular diseases can be 
found in Chapters 34 to 40.

Rheumatic heart disease was commonplace before the dis-
covery of penicillin. Astute physicians recognized that mitral 
valve stenosis frequently occurred many years after an episode 
of rheumatic fever. As mitral valve “stenosis” progressed, medi-
cations provided symptomatic relief but did not interrupt the 
stenotic process, and a need to relieve the obstruction surgically 
was apparent. The first successful attempt at surgical treatment 
involved incising the left atrial appendage, placing a finger 
through the incision into the left atrium, feeling the stenotic 
mitral valve, and relieving the obstruction by simple finger pres-
sure. Soon after these initial therapeutic approaches, special 
knives and dilators were developed to relieve mitral valve ste-
nosis. In the early days of cardiovascular surgery these proce-
dures were all performed on the beating heart.

The use of the anticoagulant heparin allowed blood to cir-
culate outside a patient’s vasculature without clotting and led to 
the development of cardiac and pulmonary bypass machines in 
the 1950s. It was then possible to keep the patient alive while 
stopping the heart for surgical repair. The ability to stop the 
heart, examine valve pathology, and attempt repair stimulated 
surgeons’ collaboration with mechanical engineers to develop 
prosthetic valves to replace those that were too diseased to 
repair.

FirST-GeneraTion  
ProSTHeTic ValVeS

Initial attempts to duplicate valve leaflets with flexible, nonbio-
logic materials failed. The leaflets of these valves were too  
stiff in comparison with normal valve leaflets. Efforts at  
using nonflexible leaflets by constructing hinged-valve leaflets 
resulted in hinge thrombosis and malfunction. Design engineers  
then focused on free-floating occluders, such as disks or balls 
retained in a cagelike housing. This general valve design pro-
duced the first clinically useful valves, including the Hufnagel, 

Starr-Edwards, Smeloff-Cutter, and Beall valves (Fig. 41-1). In 
1958, the Starr-Edwards valve was used in the first clinically 
successful valve replacement.

Although these early designs functioned as intended, the  
first caged-ball valves had major shortcomings: (1) they were 
bulky in design and did not fit well into a small ventricle or 
aorta; (2) they had a small internal orifice, making them rela-
tively stenotic; and (3) they stimulated thrombus formation, 
which precipitated thromboembolic events, necessitating long-
term anticoagulation therapy.

SeconD-GeneraTion  
ProSTHeTic ValVeS

The disadvantages of early prosthetic valves led to the develop-
ment of two divergent lines of valve design using synthetic 
materials (mechanical valves) or biologic tissue (bioprosthetic 
valves). The caged-ball valves were modified, and pivoting 
hingeless disk valves, such as the Lillehei-Kaster, Medtronic-
Hall, and Björk-Shiley valves, were developed. The St. Jude and 
Carbomedics valves were the first successful hinged-leaflet 
valves (Fig. 41-2, top).

Homograft valves harvested at autopsy and preserved in anti-
biotic solution or frozen were the first nonsynthetic valves to be 
implanted successfully. Their limited availability prompted the 
use of porcine valves procured from slaughterhouses. Porcine 
valves were preserved with glutaraldehyde and mounted on 
modified nylon-covered plastic or metal stents. Valves made  
of pericardium were also developed and used successfully (Fig. 
41-2, bottom). Porcine and bovine pericardial valves are com-
monly used bioprosthetic valves today, whereas the hinged-
leaflet valves are the commonly used mechanical valves.

eTioloGy anD PaTHoGeneSiS

Cardiac valve pathology comprises two broad categories, con-
genital valve deformity and acquired valvular dysfunction. Con-
genital deformity can occur in one or more cardiac valves  
(see Section VIII). Patients with severe congenital valvular dys-
function can die if prompt surgical intervention is not under-
taken. In patients with normally developed hearts, infection can 
cause valvular dysfunction at any age. Rheumatic heart disease 
secondary to untreated streptococcal infection and bacterial 
endocarditis can destroy a normal heart valve (Chapter 39). 
Generalized inflammatory illnesses, such as lupus erythemato-
sus, rheumatoid arthritis, and eosinophilic endocarditis, as well 
as carcinoid disease, similarly can cause valvular dysfunction. 
Connective tissue diseases, such as Ehlers-Danlos syndrome  
and myxomatous degeneration, can cause valve deformity and 
dysfunction. Severe myocardial ischemia and injury can cause 
papillary muscle dysfunction, which can result in mitral valve 
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Figure 41-1 First generation of synthetic prosthetic valves.

The first generation of clinically useful synthetic valves had a free-floating ball or disk occluder retained in a cagelike house.
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insufficiency. Finally, just as aging often results in atheroscle-
rotic changes and calcium deposition in arterial walls, so can it 
affect the aortic valves, sometimes with severe calcification of 
the leaflets (Chapter 34). The mitral valve annulus can also be 
severely calcified, with or without valvular dysfunction.

clinical PreSenTaTion

The presenting symptoms in patients with dysfunctional  
valves vary considerably, depending on the type and severity of 
dysfunction and the location of the affected valves. Diseased 
valves can become incompetent, stenotic, or both. Young 
patients with moderate aortic valve stenosis are often asymp-
tomatic. Likewise, many patients with moderate mitral valve 
stenosis or insufficiency may be asymptomatic. In general, 
patients whose valve dysfunction progresses eventually experi-
ence dyspnea on exertion. Syncope or angina pectoris, alone  
or in association with dyspnea, can develop in patients with 
aortic stenosis.

DiFFerenTial DiaGnoSiS

In patients presenting with dyspnea and fatigue, noncardiac 
causes, such as anemia, hypertension, pulmonary pathology, and 
hypothyroidism, should be excluded. Primary cardiac myopathy 

(see Chapters 18–25) should be considered. Coronary artery 
disease must be ruled out if angina pectoris is a symptom.

DiaGnoSTic aPProacH

Physical findings such as cardiac murmurs, wide pulse pressure, 
cardiomegaly, hepatomegaly, ascites, or pedal edema help to 
confirm abnormal circulatory conditions. Chest radiography 
and ECG offer supportive evidence of cardiac pathology. The 
most descriptive and definitive tests pinpointing cardiac valve 
anomalies are echocardiography in association with hemody-
namic data from cardiac catheterization.

ManaGeMenT anD THeraPy

Optimum Treatment

SuRgICal THERapy

A variety of procedures are available to treat cardiac valvular 
disease. Replacing diseased valves with prosthetic valves has 
become a routine procedure, and valve repair—particularly 
mitral and tricuspid valve repair—has evolved considerably. 
Techniques routinely used in the repair of mitral and tricuspid 
insufficiencies include ring annuloplasty, resection of prolapsing 
portions of leaflets not supported by chordae, shortening or 



CHapTER 41 • Surgical Treatment of Valvular Heart Disease 355

Figure 41-2 Second generation of synthetic prosthetic valves 
and biologic valves.

Second-generation synthetic prosthetic valves were hingeless pivoting
disk valves and hinged bileaflet valves.
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Tissue valves made of porcine aortic valves, pericardium, or cadaver
homografts are also important in valve replacement surgical therapy.

using artificial chordae, and increasing or decreasing the leaflet 
area by sliding annuloplasty (Fig. 41-3). In patients who need 
aortic valve replacement, some surgeons advocate aortic valve 
repair and resuspension if possible to preserve the native valve. 
An alternative to replacement is the Ross procedure, which 
entails transplanting a patient’s pulmonary valve into the aortic 
position. This provides the patient with a living, durable, non-
thrombogenic, and hemodynamically superior valve. The pul-
monary valve is then reconstructed using a tissue homograft 
valve. The choice of procedure depends on many factors, includ-
ing the patient’s valve pathology, age, and ability to tolerate and 
comply with long-term anticoagulation.

MITRal aND TRICuSpID ValVES

Patients with mitral and tricuspid valve pathology should be 
considered for valve repair rather than replacement, because the 
operative mortality associated with repair of these valves is lower 
than that associated with their replacement.

Conditions precluding satisfactory repair of the mitral and 
tricuspid valves include severe scarring and deformation by a 
disease process such as advanced rheumatic heart disease or 
advanced lupus, or another inflammatory process involving  
the valve leaflets and destruction of valve leaflets and annuli  
by endocarditis. Under these circumstances, the valve should  
be replaced (Fig. 41-4). Mitral valve replacement should 
include preservation of a portion of the subvalvular chordae and 
papillary muscles to aid in preserving normal ventricular 
contractility.

aORTIC ValVES

Adult patients with aortic valve pathology are seldom candidates 
for valve repair, and thus valve replacement is usually the pre-
ferred treatment for significant aortic stenosis or regurgitation. 
The patient’s age, lifestyle and preferences, and the preferences 
of the surgeon dictate the type of prosthetic valve replacement 
(see Fig. 41-4B).

Avoiding Treatment Errors

ISSuES wITH pROSTHETIC ValVE REplaCEMENT

Patients with bioprosthetic valves have a lower incidence of 
bleeding, because long-term anticoagulation is not required in 
patients in sinus rhythm. Unfortunately, all bioprosthetic tissue 
valves eventually deteriorate and become insufficient. Deterio-
ration of tissue valves occurs at an accelerated rate in younger 
patients and in patients with end-stage renal disease on hemo-
dialysis. For older patients, particularly those with a risk of 
falling, a bioprosthetic valve may be the most appropriate 
choice, because long-term anticoagulation is not required for 
bioprosthetic aortic valves. Younger patients, with a natural life 
expectancy exceeding 15 to 20 years, should have prosthetic 
valves made of durable synthetic materials, such as pyrolytic 
carbon, titanium, stainless steel, or a combination of these. Use 
of mechanical valves necessitates indefinite anticoagulation.

Mechanical valves must have an appropriate sewing ring 
sutured to the annulus of the patient’s valve after the leaflets are 
excised. Sewing rings are usually circular and rigid and vary in 
thickness. The rigid sewing rings change the natural shape of 
the valve annulus and, depending on thickness, decrease the size 
of the internal orifice of the prosthetic valve. Implanting a valve 
with a circular sewing ring into a noncircular annulus can gener-
ate unnatural tension between the valve annulus and sewing 
ring, which can lead to paravalvular leaks; the surgical approach 
in these instances must take this possibility into account.

The use of rigid circular sewing rings is unnecessary in  
bioprosthetic valves implanted in the aortic position. Freehand 
suturing is used to insert autograft pulmonary valves into the 
aortic position (the Ross procedure). It is also used in homograft 
cadaver valve implantation and with nonstented freestyle  
porcine valves.

MINIMally INVaSIVE TECHNIquES

Minimally invasive coronary artery revascularization surgery 
uses small incisions and therefore is performed on a beating 



Figure 41-3 Chordal transfer, sliding annuloplasty, and ring annuloplasty.
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Figure 41-4 Algorithm for prosthesis selection in valvular heart disease. a, mitral valve (MV) prosthesis selection. B, aortic valve 
prosthesis selection. aF, atrial fibrillation. adapted from Bonow RO, Carabello Ba, Chatterjee K, et al. aCC/aHa 2006 
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 (writing Committee to Develop guidelines for the 
Management of patients with Valvular Heart Disease). Circulation. 2006;114:e84–e213.

Note: Mitral valve repair always is preferred if technically feasible
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heart, obviating the use of cardiopulmonary bypass. In valve 
repair and replacement procedures, the use of smaller incisions 
is possible, but eliminating cardiopulmonary bypass is not fea-
sible with current techniques and prosthetic valves.

Good visualization of the operative field is a prerequisite for 
proper valve repair or replacement. Smaller incisions limit visu-
alization, although the use of miniature video cameras improves 
the view of the operative field. The mitral valve is generally the 
most difficult to visualize, so many surgeons approach it through 
the interatrial septum, sometimes extending the incision to the 
roof of the left atrium (Fig. 41-5).

FuTure DirecTionS

Refinements in manufacturing mechanical prosthetic valves and 
their sewing rings will continue to decrease thromboembolic 
complications while improving their hemodynamic characteris-
tics. Better chemical preservation of bioprosthetic valves will 
improve their longevity and resistance to deterioration and 
make bioprosthetic valves a more attractive choice for younger 
patients.

The teaching of valve repair techniques to surgical trainees 
is already becoming more standardized. The appropriate surgi-
cal repair technique will be more predictable from the preopera-
tive evaluation including echocardiographic and hemodynamic 
data. Freehand valve implantation techniques will find increased 
use in selected patients, particularly for patients in whom the 
annulus is small and the valve sewing rings make the prosthetic 
valves too stenotic. Finally, with clinical acceptance of genetic 
engineering, farms of genetically altered pigs and baboons 
might provide viable biologic leaflets, valves, and entire hearts 
for implantation.

aDDiTional reSource

Bonow RO, Carabello BA, Chatterjee K, et al. ACC/AHA 2006 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 (Writing Committee to Develop Guidelines for  
the Management of Patients with Valvular Heart Disease). Circulation. 
2006;114:e84–e213.

ACC/AHA guidelines regarding the management of patients with valvular  
heart disease. Essential reading for clinicians caring for patients with valvular  
heart disease.

Exposing the mitral valve through the interatrial septum and an extension of the incision through the roof of the left atrium is common. This surgical
exposure allows excellent visualization of the mitral and tricuspid valves and can be performed through a standard sternotomy, as well as through a
variety of partial sternotomy and right thoracotomy incisions.
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Figure 41-5 Exposing the mitral valve through the interatrial septum.
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EvidEncE

Moon MR, Pasque MK, Munfakh NA, et al. Prosthesis-patient mis-
match after aortic valve replacement: impact of age and body size on late 
survival. Ann Thorac Surg. 2006;81:481–489.

Important contribution regarding patient size and valve size in aortic valve 
replacement.

Carpentier A. Cardiac valve surgery: The “French connection.” J Thorac 
Cardiovasc Surg. 1983;86:323–337.

Important contribution to mitral valve repair surgery.

David TE, Ivanov J, Armstrong S, Rakowski H. Late outcomes of mitral 
valve repair for floppy valves: implications for asymptomatic patients.  
J Thorac Cardiovasc Surg. 2003;125:1143–1152.

Outcomes for mitral valve repair from a leading center for patients with myxo-
matous disease.

David TE, Feindel CM, Webb GD, et al. Long-term results of aortic 
valve-sparing operations for aortic root aneurysm. J Thorac Cardiovasc 
Surg. 2006;132:347–354.

Important contribution regarding aortic valve repair.
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Pericardial Disease: Clinical Features 
and Treatment

Christopher D. Chiles and George A. Stouffer

T he pericardium is a two-layered sac that encircles the heart 
(Fig. 42-1). The visceral pericardium is a mesothelial 

monolayer that adheres to the epicardium. It is reflected back 
on itself at the level of the great vessels, where it joins the pari-
etal pericardium, the tough fibrous outer layer. Under normal 
conditions, a small amount of fluid (approximately 5–50 mL) 
separates the two layers and decreases friction between them.

The normal pericardium serves three primary functions: 
fixing the heart within the mediastinum, limiting cardiac disten-
sion during sudden increases in intracardiac volume, and limit-
ing the spread of infection from the adjacent lungs. However, 
the importance of these functions has been questioned because 
of the benign prognosis associated with congenital absence of 
the pericardium.

This chapter discusses the clinical features and treatment of 
four pathologic conditions involving the pericardium: acute 
pericarditis, chronic pericarditis, constrictive pericarditis, and 
pericardial effusions. The hemodynamic effects of pericardial 
pathology are discussed in Chapter 43.

ACuTe PeriCArDiTis

Etiology and Pathogenesis

The most common presentation of a pericardial abnormality is 
acute pericarditis, inflammation of the pericardium (Fig. 42-2). 
In general, this is a self-limited disease that is responsive to oral 
anti-inflammatory medication. Acute pericarditis infrequently 
necessitates hospital admission. It is more common in men than 
in women and more common in adults than in children. The 
two most common causes of acute pericarditis in the United 
States are viral and idiopathic. Other causes include uremia, 
pericardiectomy associated with cardiac surgery, pulmonary 
embolism, collagen-vascular diseases, Dressler’s syndrome, 
malignancy, tuberculosis, fungus (e.g., histoplasmosis), parasites 
(e.g., ameba), myxedema, radiation, acute rheumatic fever, and 
trauma (Fig. 42-3).

Clinical Presentation

The clinical presentation of pericarditis most often is dominated 
by chest pain, which is generally sharp, pleuritic, and positional 
in nature. Classically, the pain is increased by lying supine and 
improved by leaning forward. Symptoms may include dyspnea, 
palpitations, coughing, and fever, and the patient may have a 
history of a viral prodrome. On physical examination a pericar-
dial friction rub is generally the most remarkable finding. The 
classic description is of a scratchy sound heard best along the 
lower left sternal border. It typically has three components 
(when the patient is in sinus rhythm), which correspond to atrial 
systole, ventricular systole, and rapid ventricular filling during 

early diastole. The component corresponding to rapid ventricu-
lar filling (atrial systole) may be absent, resulting in a two-
component friction rub. In one series of 100 patients with acute 
pericarditis, a three-component friction rub was detected in 
approximately 50% of the patients, whereas any friction rub 
(one component, two components, or three components) was 
present in almost all cases.

Differential Diagnosis

The differential diagnosis of acute pericarditis includes other 
pathologies involving the chest and heart, with two of the most 
common being myocardial ischemia and pulmonary embolus. 
Features that distinguish the discomfort of myocardial ischemia 
from acute pericarditis include previous exertional symptoms, 
lack of variation with respiration or position, associated symp-
toms of nausea or diaphoresis, and/or dyspnea. In addition, the 
discomfort of pericarditis is often described as “sharp” or “stab-
bing,” whereas the pain of myocardial infarction is pressure-like. 
ECG changes of ST elevation can be seen in both pericarditis 
and myocardial ischemia (infarction); however, the ST elevation 
present with myocardial ischemia or infarction is generally 
localized to a vascular bed and is accompanied by reciprocal ST 
depression in myocardial infarction. PR depression is common 
in acute pericarditis and exceedingly rare in myocardial infarc-
tion (it would imply atrial infarction in this setting). Cardiac 
biomarkers can be elevated in both conditions.

The pain associated with pulmonary embolus can mimic 
acute pericarditis in that it is pleuritic in nature, but associated 
symptoms and diagnostic evaluation including arterial blood  
gas and ECG can help differentiate these conditions. Other 
conditions that can mimic acute pericarditis include disease 
states that involve inflammation of structures in close proximity 
to the pericardium including cholecystitis, pancreatitis, and 
pneumonia.

Diagnostic Approach

The diagnosis of acute pericarditis is based on clinical criteria, 
but the ECG can make an important contribution. The lack of 
ECG changes cannot exclude the diagnosis of pericarditis. That 
said, most patients progress through one or more of the four 
stages of ECG changes commonly associated with the evolution 
of acute pericarditis (see Fig. 42-2 (ECG); Fig. 42-4). Stage I 
changes accompany the onset of chest pain and include the 
classic ECG changes associated with acute pericarditis: diffuse 
concave ST elevation with PR depression (see Chapter 4). Stage 
II occurs several days later and is represented by the return of 
ST segments to baseline and T-wave flattening. In stage III, 
T-wave inversion is seen in most leads. The ECG in stage IV 
shows the return of T waves to an upright position. The 
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Figure 42-1 The anatomy of the pericardium.
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approximate time frame for passage through all four stages of 
ECG changes in most cases of acute pericarditis is 2 weeks.

Electrocardiographic abnormalities are present in approxi-
mately 90% of patients with acute pericarditis, but only about 
50% of patients show all four stages. Other ECG presentations 
include isolated PR depression, absence of one or more stages, 
and persistence of T-wave inversion. Atrial arrhythmias are seen 
in 5% to 10% of cases.

Laboratory studies are nondiagnostic in acute pericarditis. 
Nonspecific markers of inflammation may be present, including 
an elevated white blood cell count. If concurrent myocarditis is 
present, serum levels of cardiac biomarkers (creatine kinase and 
troponin) may be elevated. An echocardiogram may or may not 
show a pericardial effusion.

Management and Therapy

OPTImum TrEATmENT

Most cases of acute pericarditis are self-limited, although symp-
toms can persist for weeks. The goals of acute pericarditis man-
agement include pain relief, identification and treatment of the 
underlying cause, and observation for evidence that a pericardial 

effusion is developing with or without pericardial tamponade. 
Nonsteroidal anti-inflammatory agents are generally first-line 
therapy for pain relief, but steroids may be used if pain does not 
improve within 48 hours. Therapy with colchicine has also been 
shown to provide more rapid relief of symptoms than aspirin 
and reduces the rate of recurrent symptoms. Tamponade has 
been reported in up to 15% of patients with acute pericarditis. 
Transient constrictive physiology within the first 30 days after 
an acute episode of pericarditis is found in some patients—9% 
of patients with pericarditis in one study—but generally is self-
limiting and abates within 3 months. Constrictive pericarditis 
develops in a small group of patients with acute pericarditis but 
generally is not clinically evident for many years (discussed in 
more detail later).

AVOIDING TrEATmENT ErrOrS

Acute pericarditis can be confused with several life-threatening 
disorders including myocardial ischemia and pulmonary 
embolus. A careful history and physical examination in combi-
nation with accurate ECG interpretation will often establish the 
diagnosis of acute pericarditis. It is also important to consider 
the pre-test probability of various disorders in a specific patient; 
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Figure 42-2 Diseases of the pericardium: Presentation and treatment of pericarditis. ECG, electrocardiographic.
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the risk of myocardial infarction will be higher in older patients 
with coronary artery disease risk factors, the risk of pulmonary 
embolus is increased in individuals with prothrombotic disor-
ders or recent immobilization, and the likelihood of acute peri-
carditis is increased in younger patients with an antecedent viral 
illness. In cases wherein the diagnosis remains in doubt, the 
patient should be admitted to the hospital for observation and 
undergo further evaluation.

ChroniC or reCurrenT 
PeriCArDiTis

Recurrent or chronic symptoms develop in approximately 25% 
of patients with acute pericarditis. The mechanism is unknown, 
although there is evidence that recurrent infection or autoim-
mune processes may have a contributory role in individual 
patients. Most cases of recurrent pericarditis are treated with 
reinstitution of nonsteroidal anti-inflammatory agents or ste-
roids. There are data that colchicine reduces recurrent symp-
toms in comparison to aspirin. In severe cases, more potent 
immunosuppressive therapy and even pericardiectomy are occa-
sionally necessary.

ConsTriCTive PeriCArDiTis

Etiology and Pathogenesis

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 
(Fig. 42-5). The general paradigm is that constrictive pericarditis 
occurs over a period of years as a result of an acute injury (e.g., a 
viral infection) that elicits a chronic fibrosing reaction or as a 
result of a chronic injury that stimulates a persistent reaction 
(e.g., renal failure). Clinically, constrictive pericarditis generally 
is a chronic disease with symptom progression over a period of 
years. The presentation is that of right-sided heart failure and 
may resemble restrictive cardiomyopathy, cirrhosis, cor pulmo-
nale, or other conditions. Because pericardial constriction is 
uncommon, patients occasionally are treated for an incorrect 
diagnosis (left- or right-sided heart failure, hepatic failure, or 
others) for years. Patients with pericardial constriction often 
have even been admitted to a hospital for symptoms attributed 
to other causes before a definitive diagnosis of constriction is 
made. Newer diagnostic technologies and a change in the pre-
dominant etiologies of constriction have increased the recogni-
tion of subacute presentations occurring over a period of months.
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Figure 42-3 Diseases of the pericardium: Etiologies.

The most common causes of constriction in industrialized 
countries are cardiac surgery, mediastinal radiation, pericarditis, 
and idiopathic etiologies (Table 42-1). Other causes include 
infection (e.g., fungal or tuberculosis), malignancies such as 
breast cancer or lymphoma, connective tissue disease (e.g.,  
systemic lupus erythematosus or rheumatoid arthritis), trauma, 
and drugs.

Clinical Presentation

HISTOry

The symptoms and signs of constrictive pericarditis result from 
reduced cardiac output (CO), elevated systemic venous pressure, 
and pulmonary venous congestion. The typical history is pro-
gressively worsening dyspnea, edema, or other volume overload 
symptoms. Patients generally have features of right-sided heart 
failure with ascites and edema, but other features may include 
anorexia, nausea, fatigue, orthopnea, and, sometimes, cardiac 
tamponade, atrial arrhythmia, and frank liver disease. Chest pain 
typical of angina may be related to underperfusion of the coro-
nary arteries or compression of an epicardial coronary artery by 
the thickened pericardium.

PHySICAl ExAmINATION

The physical examination in constrictive pericarditis generally 
reveals increased jugular venous pressure, a prominent y descent 
in the jugular pulse, and an increase of jugular venous pressure 
on inspiration (Kussmaul’s sign), resulting from the thickened 
pericardium’s impairment of venous return to the right side of 
the heart. The pulse pressure may be reduced, and a pulsus 
paradoxus may be present in up to one third of patients. Tachy-
cardia may develop to compensate for the diminished stroke 
volume. The apical impulse is reduced, and it is rarely displaced 
because the heart size is generally normal. The heart sounds 
may be distant, and the first heart sound is typically soft because 
the mitral and tricuspid valves are nearly closed at end diastole 
(because almost all ventricular filling occurs early in diastole). A 
pericardial knock (heard best along the left sternal border) often 
occurs shortly after the second heart sound as a result of a 
sudden deceleration of ventricular filling. A pericardial knock 
may be confused with an S3 gallop, but knocks usually occur 
earlier in the cardiac cycle and have a higher acoustic frequency. 
Pericardial knocks can also be confused with the opening snap 
of mitral stenosis. Murmurs found at diagnosis are generally 
unrelated to pericarditis. Ascites, pleural effusions, and periph-
eral edema may be found. Additionally, hepatosplenomegaly 
and its clinical sequelae, such as protein-losing enteropathy 
from impaired lymphatic drainage from the gut, may occur. 
Because the most impressive physical findings are often the 
insidious development of hepatomegaly and ascites, patients 
with constrictive pericarditis may initially be mistakenly thought 
to have hepatic cirrhosis or an intra-abdominal tumor.

Differential Diagnosis

Constrictive pericarditis and restrictive cardiomyopathy are 
very different diseases sharing a similar hemodynamic profile. 
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Figure 42-4 Typical stage I electrocardiographic findings in a patient with acute pericarditis. Note diffuse ST.
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Table 42-1 mayo Clinic Experience: Causes of Constrictive Pericarditis and Pericardial Effusions requiring 
Pericardiocentesis in Different Cohorts

CP PE

1936–1982 1985–1995 1979–1986 1986–1993 1993–2000
(n = 231) % (n = 135) % (n = 182) % (n = 354) % (n = 441) %

Idiopathic 73 33 9 8 8
Infectious 6 3 7 4 7
After cardiac surgery 2 18 21 22 28
Connective tissue disease 2 7 6 3 4
Exposure to radiation 5 13 — — —
Acute pericarditis 10 16 — — —
Invasive procedure — — 4 9 14
Neoplastic — — 41 39 25

Adapted from Ling LH, Oh JK, Schaff HV, et al. Constrictive pericarditis in the modern era: evolving clinical spectrum and impact on outcome 
after pericardiectomy. Circulation. 1999;100:1380–1386; and Tsang TS, Enriquez-Sarano M, Freeman WK, et al. Consecutive 1127 therapeutic 
echocardiographically guided pericardiocenteses: clinical profile, practice patterns, and outcomes spanning 21 years. mayo Clin Proc. 
2002:77:429–436.

CP, constrictive pericarditis; PE, pericardial effusion requiring pericardiocentesis.

The primary hemodynamic abnormality in both conditions is 
impaired diastolic filling of the ventricles. In the case of con-
strictive pericarditis, the impediment to filling is caused by the 
thickened unyielding pericardium. In restrictive cardiomyopa-
thy, the abnormality is a result of a poorly compliant myocar-
dium that limits the ability of the ventricles to expand and accept 
the filling volume of the atria. Rarely, there is overlap, and both 
entities can coexist (e.g., radiation-induced myopericardial 
disease). The heart failure that develops is insidious in onset and 
predominantly right sided. These syndromes may mimic many 

other disease entities, and it is common for both conditions to 
go undiagnosed for years.

The differentiation of these two entities can be challenging 
to the clinician. Although various hemodynamic factors are 
helpful in differentiating constrictive pericarditis from restric-
tive cardiomyopathy, commonly it is not possible to arrive at a 
firm diagnosis of either condition based on hemodynamics 
alone. Plain chest x-ray has some value in chronic pericardial 
constriction as calcification of the pericardium can be seen in 
up to 25% of cases. Pericardial thickening can sometimes be 
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Figure 42-5 Diseases of the pericardium: Constrictive pericarditis.
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visualized by echocardiography but must be distinguished from 
gain artifact or harmonics, and a lack of pericardial thickening 
on echocardiography does not rule out constrictive pericarditis. 
Pericardial effusions can be seen but are generally small. CT 
scanning and cardiac MRI are now widely used to visualize the 
pericardium in patients with suspected constrictive pericarditis. 
A pericardial thickness of greater than 3 mm is suggestive of 
pericardial constriction, but it is important to note that pericar-
dial thickening is absent in 20% of cases. Similarly, not all 
patients with thickened pericardium will have constrictive peri-
carditis; however, a thickness of greater than 6 mm adds con-
siderable specificity to the diagnosis.

Diagnostic Approach

Laboratory evaluation might show the result of congestive hepa-
topathy with an elevated bilirubin concentration, mild elevation 
of hepatic transaminase concentrations, a low albumin concen-
tration, and an elevated prothrombin time.

Electrocardiographic results are rarely normal in constric-
tion. They may reveal low-voltage QRS and diffuse flattening 
of the T waves. Low voltage can result from effusive constrictive 
disease or myocardial atrophy. Conduction abnormalities and 
other nonspecific abnormalities may be present. Atrial fibrilla-
tion occurs in approximately one third of patients.

When tuberculous pericarditis was common, chest radiogra-
phy showed classic pericardial calcification in up to one third of 
chronic cases, but this finding is less common today (see Fig. 
42-5). Indeed, the lack of pericardial calcification in constrictive 
pericarditis is now the rule rather than the exception. Alveolar 
edema and radiographic evidence of congestive heart failure are 
rarely present and should suggest consideration of alternative 
diagnoses. Cardiac size is generally normal.

The two-dimensional echocardiographic features of con-
striction include a thickened pericardium, abnormal ventricular 
septal motion, flattening of the left ventricular (LV) posterior 
wall during diastole, respiratory variation in ventricular size, and 
a dilated inferior vena cava. Doppler echocardiographic features 
include impaired diastolic filling and dissociation of intracardiac 
and intrathoracic pressures. The thickened pericardium acts as 
a buffer to the transmission of the usual intrathoracic pressure 
changes on the intrapericardial structures. This dissociation 
between the respiratory (intrathoracic) pressure variations is one 
feature of constriction but may also occur in tamponade. This 
may be seen as an inspiratory decrease in the mitral inflow veloc-
ity greater than 25%. A decrease in LV filling during inspiration 
allows more room for right ventricular (RV) filling as the inter-
ventricular septum moves to the left and hepatic diastolic flow 
velocities increase. During expiration, LV filling increases, with 
a concomitant decrease in right-sided heart filling and a decrease 
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in hepatic diastolic forward-flow velocity. In constriction, dia-
stolic forward flow is usually greater than systolic forward flow. 
Additionally, hepatic diastolic flow reversal is increased, because 
the inflow across the tricuspid valve is interrupted by the peri-
cardium and movement of the septum toward the right ventricle 
with expiration.

CT and MRI of the heart can be important in determining 
pericardial thickness. These modalities directly visualize the 
pericardium and can detect thickness greater than 2 mm. The 
finding of normal pericardial thickness does not exclude con-
strictive pericarditis, because up to 20% of patients with surgi-
cally confirmed disease have normal pericardial thickness  
on these imaging modalities. Recall that not all patients with a 
thickened pericardium have constrictive pericarditis, but a 
thickness greater than 6 mm adds considerable specificity to the 
diagnosis.

Left- and right-sided heart catheterization provides impor-
tant information in evaluating potential constrictive pericarditis. 
There are three key features: elevation and equalization of the 
diastolic pressures in each cardiac chamber, an early diastolic 
“dip-and-plateau” configuration in the RV and LV tracings,  
and a prominent y descent on right atrial (RA) pressure 
tracings. (For a more detailed discussion of hemodynamics, see 
Chapter 43.)

Management and Therapy

OPTImum TrEATmENT

Chronic constrictive pericarditis is a progressive disease without 
spontaneous reversal of pericardial abnormalities, symptoms, or 
hemodynamics. A minority of patients survive for years with 
modest jugular venous distention and peripheral edema con-
trolled by the judicious use of diuretics and dietary restriction 
of sodium intake. Drugs that slow the heart rate (e.g., β-blockers 
and calcium channel blockers) should be avoided, because mild 
sinus tachycardia is a compensatory mechanism. The majority 
of patients become progressively more disabled and experience 
the complications of severe cardiac cachexia.

The mainstay of therapy is surgical removal of the pericar-
dium. In cases with a firmly adherent pericardium, scoring of 
the pericardium may “loosen” it, but results are less than optimal 
in many cases. Pericardiectomy is associated with significant risk 
for morbidity and mortality, especially in elderly patients or 
those with significant preoperative symptoms, organ dysfunc-
tion, or coexisting coronary artery disease. Mortality with peri-
cardiectomy has also been reported to range from 5.6% to 19% 
and to correlate with RA pressure. In one series, survival of 
individuals after pericardiectomy at 5 and 10 years was 78 ± 5% 
and 57 ± 8%, respectively, and was inferior to those of an 
age- and sex-matched U.S. population. In another single-center 
series, long-term survival after pericardiectomy was related  
to the etiology of the constrictive pericarditis, LV systolic  
function, renal function, serum sodium, and pulmonary artery 
systolic pressure. Idiopathic constrictive pericarditis had  
the best prognosis followed by postsurgical and postradiation. 
Pericardial calcification had no impact on survival.

Of patients who survive the pericardiectomy, 90% report 
symptomatic improvement, and approximately 50% become 

asymptomatic. Symptom resolution may be immediate but can 
take weeks to months. However, symptoms may recur.

AVOIDING TrEATmENT ErrOrS

A major difficulty in treating patients with constrictive pericar-
ditis is that the diagnosis is often made many years after symp-
toms develop. As noted, pericardiectomy is associated with 
significant morbidity and mortality, and, in general, outcomes 
are better in patients with higher functional status before the 
operation.

PeriCArDiAl eFFusion

Etiology and Pathogenesis

Pericardial effusions are generally exudative and a response to 
pericardial injury. Exudative effusions occur secondary to 
inflammatory, infectious, malignant, or autoimmune processes 
within the pericardium. Transudative effusions are rare but can 
result from obstructed fluid drainage, which occurs through 
lymphatic channels. The hemodynamic effects of pericardial 
effusions occur on a spectrum with increasing pericardial pres-
sure resulting in increased intracardiac diastolic pressures. 
Cardiac tamponade is a clinical syndrome caused by increased 
intrapericardial pressure due to the accumulation of exudative 
fluid, blood, pus, other fluid, or gas in the pericardial space. 
Cardiac tamponade can cause hemodynamic collapse by impair-
ing venous return, which impairs diastolic ventricular filling  
and CO.

There are few data regarding etiologies of pericardial effu-
sions in a community setting or in patients who do not require 
drainage. The most common etiologies requiring pericardio-
centesis include malignancy, previous cardiac surgery, a compli-
cation during a percutaneous procedure (e.g., RV perforation 
during pacemaker lead placement), idiopathic etiologies, con-
nective tissue disorder, and infection (Table 42-1). Other causes 
include acute pericarditis, renal failure, coagulopathy, hypothy-
roidism, trauma, previous radiation, human immunodeficiency 
virus infection, and myocardial infarction. Transudative effu-
sions are rarely seen in congestive heart failure, cirrhosis, 
nephrosis, and pregnancy.

Pericardial effusions are common after cardiac surgery, 
occurring in more than 80% of cases. The maximal size is appar-
ent by 10 days, and the effusions usually resolve spontaneously 
within 1 month after surgery.

Malignancy is one of the most common causes of pericardial 
effusions, reported in up to 20% of patients with cancer in 
autopsy series. The primary tumors most often associated with 
pericardial effusions are lung (40%), breast (23%), lymphoma 
(11%), and leukemia (5%). Pericardial effusions in patients with 
cancer are malignant approximately 50% of the time. Nonma-
lignant causes of pericardial effusions in patients with cancer 
include radiation-induced pericarditis and infections.

Clinical Presentation

Clinical manifestations of pericardial effusion depend on  
the intrapericardial pressure, which, in turn, depends on the 
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amount and rate of fluid accumulation in the pericardial sac.  
As intrapericardial pressure increases, ventricular diastolic pres-
sure increases. Atrial pressures increase to maintain forward 
flow across the tricuspid and mitral valves. Further increases in 
intrapericardial pressure cause ventricular filling to decrease, 
leading to impaired CO and hypotension. Rapid accumulation 
of pericardial fluid may elevate intrapericardial pressures with 
as little as 80 mL of fluid, whereas slowly progressing effusions 
can grow to 2 L without symptoms. When pericardial fluid 
accumulation is rapid or sustained, pericardial tamponade may 
result, the hemodynamics of which are discussed in detail in 
Chapter 43.

HISTOry AND PHySICAl ExAmINATION

Most pericardial effusions are asymptomatic. Once symptoms 
occur, the most common complaints include dyspnea (85%), 
coughing (30%), orthopnea (25%), and chest pain (20%). The 
common signs of pericardial effusion are a paradoxic pulse 
(45%), tachypnea (45%), tachycardia (40%), hypotension (25%), 
and peripheral edema (20%), all of which raise the possibility 
that pericardial tamponade is present.

Small pericardial effusions are generally not detectable by 
physical examination. Large effusions result in muffled heart 
sounds and occasionally in Ewart’s sign, dullness to percussion 

Figure 42-6 Cardiac tamponade.
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beneath the angle of the left scapula from compression of the 
left lung by pericardial fluid.

Patients with pericardial tamponade generally are tachy-
cardic and tachypneic and appear ill (Fig. 42-6). Pericardial 
tamponade is a medical emergency that necessitates hospital 
admission and intervention to remove fluid to reduce pericardial 
pressure and thus relieve the associated hemodynamic abnor-
malities. Beck’s description of pericardial tamponade included 
the classic triad of hypotension, muffled heart sounds, and 
jugular venous distention. Tamponade is generally associated 
with a pulsus paradoxus, a decrease in systolic blood pressure of 
more than 10 mm Hg with inspiration. Systolic blood pressure 
normally decreases during inspiration, but cardiac tamponade 
causes an exaggeration of physiologic respiratory variation in 
systemic blood pressure from decreasing CO during inspiration. 
However, pulsus paradoxus is neither sensitive nor specific for 
cardiac tamponade. It can also occur in constrictive pericarditis, 
obstructive lung disease, RV infarction, pulmonary embolus, or 
large pleural effusions.

Differential Diagnosis

The differential diagnosis of tachycardia and hypotension  
is broad and includes hypovolemia, cardiogenic shock  
(from either LV failure or RV infarction), neurogenic shock, 
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anaphylactic shock, adrenal insufficiency, massive pulmonary 
embolus, pneumothorax, and pericardial tamponade. Of these 
conditions, elevated RA pressure (jugular venous distention  
on examination) is seen in pericardial tamponade, cardiogenic 
shock, pulmonary embolus, or pneumothorax. The etiology  
of shock will often be suggested by the clinical presentation, 
physical examination, ECG findings, and chest x-ray. Echocar-
diography can be very useful in these patients and is the best 
modality for determining whether a pericardial effusion is 
present. In some patients, right heart catheterization may also 
be helpful.

Diagnostic Approach

ElECTrOCArDIOGrAPHy

Typical findings include sinus tachycardia and low voltage.  
If associated pericarditis is present, PR-segment depression, 
diffuse ST elevation, and possibly atrial tachyarrhythmias  
may be apparent. Electrical alternans, in which R-wave voltage 
varies from beat to beat, is the most specific ECG finding  
but is rarely found and only in association with large pericardial 
effusions.

CHEST rADIOGrAPHy

An enlarged cardiac silhouette is seen after the accumulation of 
at least 200 mL of fluid. A large pericardial effusion results in a 
so-called water bottle appearance. One third to one half of 
patients have a coexisting pleural effusion, with left being more 
common than right. Separation of the epicardial fat pad from 
the outer border of the cardiac silhouette can occasionally be 
observed, especially in the lateral view.

ECHOCArDIOGrAPHy

Echocardiography is the gold standard test for evaluating  
pericardial effusions. Pericardial fluid appears as an echo-free 
space between the visceral and parietal pericardia. Effusions can 
be circumferential (completely surrounding the heart) or locu-
lated. In pericardial tamponade, echocardiographic findings 
include diastolic collapse of the right atrium and ventricle. 
Doppler interrogation demonstrates marked respiratory varia-
tion in flow across the tricuspid and mitral valves. Echocardiog-
raphy is a sensitive and specific test for pericardial effusions; 
however, false-positive results can occur in pleural effusions, 
pericardial thickening, increased pericardial fat (especially the 
anterior epicardial fat pad), atelectasis, and mediastinal lesions. 
Transthoracic echocardiography is generally diagnostic, and 
transesophageal echocardiography is rarely needed for the diag-
nosis of pericardial tamponade.

COmPuTED TOmOGrAPHy

A CT scan may detect as little as 50 mL of fluid. This modality 
is rarely used to evaluate patients with suspected effusions; more 
commonly, effusions are incidentally found in patients undergo-
ing chest CT evaluation for other indications (e.g., lung cancer, 
unexplained dyspnea).

mAGNETIC rESONANCE ImAGING

MRI can detect as little as 30 mL of pericardial fluid and  
may be used to distinguish hemorrhagic and nonhemorrhagic 
effusions based on T1 and T2 signal intensities.

Management and Therapy

OPTImum TrEATmENT

Most pericardial effusions resolve without drainage. In some 
patients, however, pericardiocentesis is needed as emergent 
treatment for tamponade (see Fig. 42-6) or for diagnostic 
purposes, including to evaluate the possibility of an infectious 
etiology. Pericardiocentesis can be performed percutaneously  
or surgically. Surgical procedures have several advantages, 
including complete drainage of loculated effusions and access to 
pericardial tissue for biopsy. However, percutaneous pericardio-
centesis is simpler, more rapid, and associated with a quicker 
recovery.

A subxyphoid approach is generally used for percutaneous 
pericardiocentesis, although echocardiographically guided ap-
proaches via the chest wall are widely used. Needle insertion 
can be performed under electrocardiographic, echocardio-
graphic, or radiographic guidance. Although pericardiocentesis 
usually leads to clinical improvement, pulmonary edema, hypo-
tension, and acute ventricular dysfunction have been reported 
after the procedure. The safety and efficacy of this procedure is 
dependent on the operator’s skill and the size of the effusion. 
Recurrence rates of 12% to 40% have been reported after suc-
cessful drainage.

Malignant pericardial effusions tend to recur, and several 
approaches have been advocated to prevent the need for repeated 
pericardiocentesis. The literature consists primarily of small 
prospective or larger retrospective studies, and no consensus on 
the best approach has formed. Balloon pericardiotomy involves 
tearing a hole in the pericardium with a balloon placed in the 
pericardial space under fluoroscopy. This hole allows pericardial 
fluid to drain into the pleural space. Pericardial sclerosis involves 
application of a sclerosing agent (e.g., tetracycline, doxycycline, 
cisplatin, 5-fluorouracil, bleomycin) into the pericardial space 
to scar the visceral and parietal pericardia with elimination of 
the pericardial space. Success rates of as high as 91% are reported 
at 30 days, but potential complications include intense pain, 
atrial arrhythmias, fever, and infection. Another viable approach, 
surgical creation of a subxyphoid pericardial window, is associ-
ated with low morbidity, mortality, and recurrence rates, and 
can be performed under local anesthesia. However, this approach 
is not effective with loculated pericardial effusion. In some cases, 
a pleuropericardial window can be created via thoracotomy 
under general anesthesia.

AVOIDING TrEATmENT ErrOrS

Pericardial tamponade is a medical emergency and may lead to 
severe hypotension and death if untreated. The diagnosis is 
occasionally missed because the patient does not have any clues 
in the history to point to the presence of pericardial disease. 
Because the initial presentation of malignancy and other 
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disorders can be pericardial tamponade, the lack of prior history 
of pericardial disease or predisposing factors (e.g., chest radia-
tion or cardiac surgery) does not exclude the diagnosis. In 
general, any patient with unexplained hypotension should 
undergo echocardiographic evaluation.

FuTure DireCTions

Diagnosis of pericardial diseases continues to become more 
accurate, resulting in improved therapies. Future challenges 
include development of more effective therapies for the more 
serious pericardial diseases, including refractory pericarditis, 
pericardial constriction, and pericardial tamponade. Little 
improvement in this area has occurred in the past decade, 
perhaps because of diagnostic inaccuracies. A renewed focus on 
a better understanding of pericardial response to injury and 
inflammation, combined with advances in diagnostic modalities 
and therapeutic options, provides a blueprint for development 
of improved treatments for pericardial disease.
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Pericardial Disease: Diagnosis  
and Hemodynamics

Thomas M. Bashore

P ericardial pathology can present as an outpatient disease, in 
a setting requiring invasive diagnostic testing and surgery, 

or anywhere in between (see Chapter 42). This chapter focuses 
on the more significant presentations that result in hemody-
namic compromise. In these cases, the common underlying 
physiologic abnormality, regardless of the specific pericardial 
pathology, is impaired diastolic filling of the heart. Significant 
constrictive pericarditis presents with evidence of right-sided 
heart failure, whereas pericardial tamponade presents with dis-
tinctive systemic hypotension. Diagnosis of these conditions is 
not always simple, since combinations of the disease processes 
can exist (effusive-constrictive pericarditis) and milder forms 
may require acute fluid loading to bring out characteristic 
hemodynamic findings (occult constrictive pericarditis). In addi-
tion, localized and transient forms of constrictive pericarditis 
have been described. The differential diagnosis between con-
strictive pericarditis and restrictive cardiomyopathy, addressed 
primarily in Chapter 20, can also be a challenge, because myo-
cardial involvement may accompany the pericardial component 
and all three can indeed be present in the same patient. The 
hemodynamics can be further complicated if the patient has 
another disease altering the hemodynamics, such as pulmonary 
hypertension, an associated dilated cardiomyopathy, or signifi-
cant valvular heart disease. Attention to details is mandatory in 
an attempt to sort out the presence of pericardial disease under 
these circumstances.

Etiology anD PatHogEnEsis

Normal Physiology

The pericardium can be conceptualized as a balloon with the 
heart pushed into it like a fist. The visceral pericardium adheres 
to the heart itself and is separated from the parietal pericardium 
by a space, the pericardial cavity. This space normally holds a 
small collection of fluid. The fluid within the pericardial space 
is in dynamic equilibrium with the blood serum. The normal 
amount of pericardial fluid is less than 50 mL and is transudative 
with a low protein content. Because there are many smaller 
sinuses and recesses in the pericardial space (around the atria, 
the superior vena cava, the great vessels, the pulmonary veins 
[PVs], and the inferior vena cava), a minimum of about 250 mL 
of fluid forms the normal pericardial reserve volume before 
tamponade physiology becomes evident. As noted below, the 
volume of pericardial fluid required for tamponade physiology 
depends upon the rate at which it accumulates; the faster the 
fluid accumulates, the less is required to achieve pericardial 
tamponade.

The pericardium provides a thin tissue barrier between the 
heart and the surrounding structures and exerts constant pres-
sure on the heart, affecting thin structures (the atria and the 

right ventricle) more than the thicker-walled left ventricle. 
Resting diastolic pressures within the heart are directly affected 
by this pericardial constraint (for instance, pericardial removal 
results in greater dilatation of the right ventricle than of the left 
ventricle).

Normal intrapericardial pressures range from −6 to 
−3 mm Hg, directly reflecting intrapleural pressures. The pres-
sure differential between the pericardium and the cardiac cham-
bers (transmural pressure) is about 3 mm Hg. The pericardium 
is much stiffer than cardiac muscle, and once the pericardial 
reserve volume is exceeded, the pressure-volume curve of the 
normal pericardium rises steeply. The pericardium has little 
effect on ventricular systole; however, interactions between  
the right- and left-sided cardiac chambers are enhanced by the 
pericardium, because atrial and ventricular septal movements 
are independent of pericardial constraint.

Intracardiac pressures are a reflection of the contraction and 
relaxation of individual cardiac structures and the changes 
imparted to them by the pleural and pericardial pressures (Fig. 
43-1). Changes in pleural or pericardial pressure affect the 
intracardiac diastolic pressure. With inspiration, the intrapleu-
ral pressures drop and the abdominal cavity pressure increases. 
Blood flow to the right side of the heart increases, whereas blood 
return to the left side of the heart decreases slightly. The fall in 
the intrapleural pressures also causes an increase in the trans-
mural aortic root pressure, slightly increasing impedance to left 
ventricular (LV) ejection. The reverse occurs during expiration. 
In the normal setting, the respiratory changes are reflected in 
the intrapericardial and intracardiac pressures, with inspiration 
lowering the measured right atrial (RA) pressures and the sys-
tolic right ventricular (RV) pressure more than the left-sided 
heart pressures.

The slight reduction in LV filling and the slightly increased 
impedance to LV ejection with inspiration produce a modest 
decline in the LV stroke volume and slightly lower systolic 
aortic pulse pressures with inspiration. Marked swings in the 
intrapleural pressures from very negative during inspiration to 
very positive during expiration (as occur in asthma or severe 
chronic obstructive lung disease) exaggerate these changes in 
LV filling and may produce a paradoxical pulse (>10 mm Hg 
decline in the aortic systolic pressure) purely from the pleural 
pressure swings. Such a paradoxical pulse related to marked 
swings in the intrapleural pressure must be differentiated from 
a similar phenomenon due to pericardial tamponade.

The normal atrial and ventricular waveforms are shown in 
Figure 43-2. With atrial contraction, the atrial pressures rise (a 
wave). With the onset of ventricular contraction, the atrioven-
tricular (AV) valves bulge toward the atria and a small c wave 
results (the c wave is evident on hemodynamic tracings but 
usually is not visible to the examiner observing the jugular 
venous pulsations). As ventricular contraction continues, the AV 
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Figure 43-1 Normal cardiac blood flow during inspiration and expiration. LA, left atrial; LV, left ventricular; RA, right atrial; 
RV, right ventricular.
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Simultaneous measurement of RV and LV systolic pressure reveals a concordant decrease in pressure in both
chambers during inspiration, with a similar concordant increase in pressure in both ventricles during expiration.
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On inspiration, intrapleural pressure drops and abdominal pressure 
increases with increased blood flow to right heart and slight decrease in 
flow to left heart. Increased aortic root transmural pressure adds a minor 
amount of increased LV afterload. Conceptually, one can visualize 
inspiration pulling blood through the right heart with a slight decrease in 
blood to the right heart.

On expiration, intrapleural pressure increases and abdominal pressure 
decreases with decreased blood flow to right heart and increase in flow 
to left heart. Conceptually, one can visualize expiration pushing blood 
toward the left heart and reducing blood flow to the right heart.

annulus is pulled into the ventricular cavity and the atria begin 
diastole, enlarging the atria and decreasing the atrial pressure 
(represented by the x descent). Passive filling of the atria during 
ventricular systole produces a slow rise in the atrial pressure (the 
v wave) until the AV valves reopen at the peak of the v wave; 
the pressure then falls rapidly as the ventricles begin active 
relaxation. Passive filling of the ventricles then follows until 
atrial contraction recurs, and the cycle repeats. Ventricular dias-
tole can be conceptually divided into an initial active phase (a 
brief period when the ventricle fills about halfway) and a later 
passive filling phase. The nadir, or lowest, diastolic pressure 
during ventricular diastole occurs during the early active relax-
ation phase (suction effect).

Hemodynamics of Pericardial Constriction 
and Pericardial Tamponade

Constrictive pericarditis and pericardial tamponade alter the 
normal intracardiac pressures in several ways. Some of the 
hemodynamic abnormalities, such as ventricular interdepen-
dence, are seen in both processes, whereas others, such as the 
magnitude of the y descent, are unique to each (see Fig. 43-2).

PERICARDIAL CONSTRICTION

Pressure Measurements

Constrictive pericarditis was recognized at autopsy in the 19th 
century and described as a “chronic fibrous callous thickening 
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Figure 43-2 Comparison of normal and pathologic intracardiac 
pressures. AV, atrioventricular; LA, left atrial; 
LV, left ventricular; RA, right atrial; RV, right 
ventricular.
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Normal of the wall of the pericardial sac that is so contracted that the 
normal diastolic filling of the heart is prevented” (Fig. 43-3). 
The variable severity of the constrictive process results in a 
spectrum of hemodynamic change. Table 43-1 outlines the 
major features of the subacute (elastic) and the more chronic 
(rigid shell) forms of pericardial constriction.

The difference between the subacute and the more chronic 
forms of constrictive pericarditis probably relates to whether 
only the visceral pericardium is fused to the epicardium of the 
heart (subacute) or both the visceral and the parietal pericardial 
layers are fused together (chronic). In both instances, the dia-
stolic pressures in the atria are elevated due to the restriction of 
ventricular diastolic inflow. In constriction, the elevated atrial 
pressures and the normal early LV filling result in a rapid 
decrease in atrial pressure after the AV valves open and are 
responsible for the rapid y descent seen (see Fig. 43-2). However, 
the constraint imposed by the pericardium as the ventricle fills 
results in the sudden halting of this rapid early filling and an 
abrupt rise in pressure producing the “square root sign” or “dip 
and plateau” in the pressure tracings. The x descent is generally 
minimally affected; thus, the atrial y descent is greater than the 
x descent in constrictive pericardial disease. RV and pulmonary 
pressures are usually normal or only mildly elevated, with the 
result that the RV end-diastolic pressure (EDP) tends to be 
greater than one third the RV systolic pressure. At the end of 
ventricular diastole, both the right and left ventricles are con-
fined by the pericardium, and there is equalization of the RV 
and LV EDPs.

The normal respiratory changes in cardiac flow are altered 
in constriction. The normal inspiratory fall in the RA pressures 
may not occur or may even rise (Kussmaul’s sign). Also  
reflecting the loss of normal RV filling, the inferior vena cava 
diameter may not collapse with inspiration as expected. The 
precise mechanisms responsible for these losses of respiratory 
effects on cardiac flow are the subject of some debate. It is pos-
sible that the rigid pericardium in constrictive pericarditis acts 
to disassociate the usually related intrathoracic and intracardiac 
pressures described earlier. In constriction, the right side of the 
heart is forced to fill to more than its capacity, and the right 
heart pressures rise rather than fall with inspiration. In addition, 
there is an inspiratory drop in the diaphragm that may pull the 
pericardium downward and actually further reduce the overall 
cardiac volumes. Kussmaul’s sign is not specific for pericardial 
constriction since it also can be seen in acute or chronic RV 
failure, RV infarction, RV volume overload, and restrictive  
cardiomyopathy. In most of these conditions, the constrictive 
physiology is due more to RV volume overload (reaching  
the limit of RV capacity) than to constriction from the 
pericardium.

Because the atrial and ventricular septa are unaffected by the 
pericardial process, changes in atrial and ventricular filling on 
the right side of the heart can affect left-sided filling (ventricular 
interdependence). Demonstration of ventricular interdepen-
dence is generally accepted as a fundamental requirement  
for diagnosing constrictive pericarditis. In constriction, as  
the negative intrapleural pressure draws blood through the RV 
with inspiration, the increase in RV filling into the confined 
right ventricle results in a rise in the RV systolic pressure  
while the normal fall in the LV systolic pressure occurs. This 
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Doppler flow in constrictive pericarditis during peak inspiration and 
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pressure and PCWP. This results in initial decrease in E velocity. The 
transmitral gradient is reestablished in expiration with an ↑ in E 
velocity and transmitted flow velocity.
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With permission from Nishimura RA. Constrictive pericarditis in the modern era: 
A diagnostic dilemma. Heart 2001;86:619–623.
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Figure 43-3 Constrictive pericarditis. Figure of mitral inflow Doppler reveals an inspiratory (INSP) decrease in gradient between the 
pulmonary wedge pressure and the left ventricular end-diastolic pressure and an increase in this gradient with 
expiration (EXP). LV, left ventricular; PCWP, pulmonary capillary wedge pressure.

phenomenon is illustrated in Figure 43-2. An additional finding 
is that the width and area of the RV pressure tracing also increase 
with inspiration. Since LV filling falls with inspiration, the sys-
tolic areas of the RV and LV pressure-time tracing can be 
determined and the ratio of the RV systolic area to the LV 
systolic area determined during each respiratory phase. If con-
striction is present, the ratio of the RV systolic area to the LV 
systolic area is expected to be greater than 1.1. This ratio 
remains constant in restrictive disease and increases in constric-
tive pericarditis as the RV systolic pressure and area rise while 
the LV systolic pressure and area fall (discordance). In a review 
from the Mayo Clinic of this index, the average ratio in a group 
of 59 patients with constriction was 1.4 as compared with 0.92 
for a group of 41 without constriction. The sensitivity of a 

systolic area index greater than 1.1 was 97% with a specificity 
of 100%, a positive predictive value of 100%, and a negative 
predictive value of 95%. In addition, reduced LV filling results 
in a lower pulmonary capillary wedge pressure to LV diastolic 
gradient in inspiration and a greater gradient in expiration (see 
Fig. 43-3).

Echo-Doppler Measurements

Normally, with inspiration, the LV minimal pressure and the 
left atrial (LA) pressures fall equally, and no change is noted in 
the Doppler mitral inflow velocities. In constriction, the high 
LA pressures inhibit filling from the pulmonary venous bed. 
The reduced initial flow into the left ventricle during inspiration 
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table 43-1 Comparison of Features Characteristic 
of Subacute (Elastic) and Chronic (Rigid 
Shell) Constrictive Pericarditis

subacute (Elastic) Chronic (Rigid shell)

Paradoxical pulse usually 
present. Signs of ventricular 
interdependence prominent

Paradoxical pulse usually 
minimal or absent

Ventricular interdependence 
less prominent

Prominent x and y descents 
(“M” or “W” waveform in the 
JVP)

Prominent y descent; x 
descent sometimes minimal

Dip and plateau pattern less 
obvious

Conspicuous dip and plateau 
pattern

Early diastolic nadir may not 
approach zero.

Early diastolic nadir 
approaches zero

Calcification of pericardium 
rare

Calcification of pericardium 
more likely

Pericardial effusion may be 
present.

Pericardial effusion absent

Constriction primarily due to 
visceral pericardium

Constriction due to fusion of 
visceral and parietal 
pericardium and with 
epicardium of the heart

ECG “P” waves usually normal ECG “P” waves wide, notched, 
and low amplitude

Atrial fibrillation or flutter 
uncommon

Atrial fibrillation or flutter 
common

ECG, electrocardiogram; JVP, jugular venous pressure.

can be observed in the transmitral Doppler flow pattern by 
noting a greater than 25% decrease in the already described 
high initial driving force across the mitral valve (decreased E 
velocity) during inspiration (see Fig. 43-3). Mitral E decelera-
tion time is usually short (<160 ms) as well. The ventricular 
interdependence can be further documented by examining the 
hepatic vein (or superior vena cava), the tricuspid and mitral 
inflows, and the PV inflow patterns with expiration and inspira-
tion (Fig. 43-5). With inspiration, the hepatic systolic (S) and 
diastolic (D) waves along with the tricuspid inflow E and A 
waves increase while the mitral E and A waves decrease along 
with the pulmonary S and D waves. A “w” pattern is seen in the 
hepatic flow. A septal shift (and often septal “bounce”) can be 
seen on the chest wall echocardiogram as the left ventricle 
underfills with the expanding right ventricle. With expiration, 
the mitral and PV inflow waveforms all increase while the  
tricuspid E and A waves decline, and there is also an abrupt 
interruption in the systolic wave and diastolic flow reversal in 
the hepatic venous velocity waveform. These findings can be 
helpful to confirm constriction in situations that are not “clas-
sical” from other hemodynamic standpoints. Otherwise, they 
are confirmatory.

Up to one in five patients with constriction may not reveal 
classic interdependence on echo-Doppler, and maneuvers to 
decrease preload (e.g., sitting or head-up tilt) may unmask the 
changes. Transesophageal echocardiography may provide better 
images for evaluating the pericardium and can often demon-
strate the PV flow variations with respiration better than the 
transmitral flow pattern variations.

Tissue Doppler echocardiography measures actual myocar-
dial motion. Since myocardial relaxation is preserved in con-
strictive pericarditis, the early relaxation observed on tissue 
Doppler velocity patterns (Ea) is normal. If it is abnormal, then 
a primary myocardial problem is more likely. For example, if 
the Ea is greater than 8 cm/sec, then that is consistent with 
constriction, while less than 8 cm/sec is more indicative of  
myocardial restriction.

A method of speckle tracking of B-mode echoes allows  
for global assessment of stress and strain (deformation) of the 
myocardium. When speckle tracking has been performed,  
constrictive pericarditis appears to have constrained circumfer-
ential deformation while restrictive pericarditis has constrained 
longitudinal deformation.

PERICARDIAL TAMPONADE

Pericardial tamponade occurs when pericardial fluid exceeds 
pericardial reserve volume. The result is cardiac compression 
and restricted diastolic filling of all the cardiac chambers (Fig. 
43-6). The amount of pericardial fluid required for tamponade 
depends on the parietal pericardial compliance and the rate of 
fluid accumulation. Acute tamponade can result with even a 
small increase in pericardial fluid because of the normally steep 
pericardial pressure-volume relationship. When fluid accumu-
lates slowly, as in patients with metastatic cancer or chronic 
uremia, the parietal pericardium adapts and stretches. Tampon-
ade occurs only after the accumulation of a large amount (some-
times >1 L) of fluid in these chronic situations. Therefore, the 
rate of fluid accumulation determines the clinical presentation.

Pressure Measurements

As fluid accumulates in the pericardium, the thinnest walled 
chambers (the right atrium and the right ventricle) are affected 
first. Right-sided diastolic pressures are normally lower than 
left-sided diastolic pressures, and collapse of the right atrium 
and the right ventricle in diastole is observed early in tamponade 
(often before a paradoxical pulse, for instance). With cardiac 
contraction, the heart is also less full, and there is literally more 
room in the pericardial space for the left and right ventricles. 
The high intrapericardial pressures are thus transmitted to the 
early diastolic atrial and ventricular pressures. When the AV 
valves open, the diastolic pressure is already elevated, as reflected 
in the reduced y descent and loss of rapid ventricular filling (see 
Fig. 43-2). These high diastolic pressures may also cause pre-
mature closure of the AV valves before systole initiates. As the 
ventricles contract to eject blood, the pericardial space is actu-
ally increased and the atria can fill in atrial diastole (preserving 
the x descent). The x descent is therefore greater than the y 
descent in pericardial tamponade. Increasing intrapericardial 
pressures progressively affect the RA diastolic pressure, then the 
RV diastolic pressure (especially in the thinner RV outflow 
tract), and eventually the left-sided heart diastolic pressure. This 
finally results in the equalization of diastolic pressures through-
out the heart.

As in constriction, the increased filling of the right side of 
the heart, mandated by the negative intrathoracic pressure 
during inspiration, increases the early filling of the right heart 

With permission from Hancock EW. Differential diagnosis of 
restrictive cardiomyopathy and constrictive pericarditis. Heart. 
2001;86:343–349.
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Simultaneous measurement of RV and LV systolic pressures in constrictive 
pericarditis shows a discordance during inspiration, with decrease in LV systolic 
pressure, while RV systolic pressure increases. Note square root sign in diastole 
due to rapid y descent.

Simultaneous measurement of RV and LV pressures in pericardial tamponade. There is 
loss of rapid early filling of ventricles. Inspiration results in blood being drawn into RV, 
with RV systolic pressure rising. Increased RV volumes result in marked septal shifting 
and LV volumes decline (ventricular interdependence). Subsequent decrease in LV 
stroke volume results in paradoxical pulse.

Reduced intrapleural pressure not transmitted to RA and RV due to tethering of 
pericardium to descending diaphragm. The negative intrapleural pressure and 
expanding lung bring blood into lungs, and pressures may rise in the right heart 
(Kussmaul’s). The ↑ in RV systolic pressure contrasts with ↓ in LV systolic pressure 
since ↑ LA pressure further reduces the normal modest ↓ in pulmonary venous flow. 
(This reduction is generally inadequate to cause paradoxical pulse.)

In pericardial tamponade, ↓ intrapleural pressure in inspiration is usually transmitted 
to right heart structures, so no Kussmaul’s is noted. ↑ flow to right heart expands RA 
and RV at the expense of LA and LV. The normal ↓ in pulmonary venous flow is further 
reduced by smaller left heart chamber sizes and ↑ filling pressures. A substantial ↓ in 
stroke volume occurs, creating paradoxical pulse.

Figure 43-4 Comparison of blood flow in constrictive pericarditis and pericardial tamponade. LA, left atrial; LV, left ventricular; 
RA, right atrial; RV, right ventricular.

structures and reduces filling of the left. Because there is a fixed 
space for the heart chambers in tamponade, a leftward shift in 
the atrial and ventricular septa takes place. This reduces LV 
chamber compliance and further impairs LV filling during 
inspiration. Atrial reservoir function increases in importance 
during pericardial tamponade; the left atrium may fill only 
during expiration, with subsequent emptying only during atrial 
systole. The reduced LV filling also reduces LV preload and 
contractile function, further lowering the stroke volume. The 

paradoxical pulse in pericardial tamponade results from this 
dramatic inspiratory reduction in LV filling. In the most extreme 
cases of tamponade, the aortic valve may open only during 
expiration. A paradoxical pulse from tamponade may not occur 
in the presence of extreme hypotension, in patients with severe 
aortic insufficiency, in the presence of an atrial septal defect or 
a single ventricle, or in some cases of acute LV infarction. Table 
43-2 outlines the major hemodynamic differences between con-
strictive pericarditis and pericardial tamponade.
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Figure 43-5 Echo-Doppler patterns in pericardial disease. With inspiration, blood is “pulled” through the right heart and there is 
reduced filling of the left heart. Increased right heart filling increases systolic and diastolic flow in the hepatic veins 
and flow across the tricuspid valve. Flow in the PV and across the mitral valve decreases. The septal shifts toward the 
LV. With expiration, there is a reduction in flow through the right heart, flow is only systolic in the hepatic veins, and 
flow across the tricuspid valve is reduced. Expiration increases flow through the PVs and through the mitral valve.  
D, diastolic; HV, hepatic vein; LA, left atrial; LV, left ventricular; PV, pulmonary vein; RA, right atrial; RV, right 
ventricular; S, systolic.
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Echo-Doppler Measurements

Two-dimensional echocardiography is critical in the diagnosis 
of a pericardial effusion and helpful in deciding whether tam-
ponade is present. An echo-free space must be demonstrated 
and differentiated from epicardial fat. In large effusions, the 
heart may swing within the pericardial fluid, correlating with 
electrical alternans on the surface ECG. Systolic LV function is 
preserved. During inspiration, the aortic valve may demonstrate 
early closure, and the LV ejection time may decrease with the 
inspiratory reduction in the LV stroke volume. With tampon-
ade, there is evidence of a smaller RV diameter (usually <7 mm) 
and early diastolic RV collapse. RV collapse is most marked in 
expiration, as the LV fills and RV filling is reduced. The dura-
tion of RV diastolic collapse is directly related to the pericardial 
pressure. RV collapse is a more sensitive and specific marker of 
tamponade physiology than RA collapse. The RA free wall may 
show late diastolic collapse lasting at least one third of the 
cardiac cycle. Occasionally, the LA free wall is also indented. 
The superior and inferior vena cavae diameters are enlarged and 
usually greater than 2.2 cm, and these diameters collapse less 
than 50% with inspiration or during a brief sniff (the patient is 
asked to sniff to increase negative inspiratory pressure). The 
inspiratory increase in the RV size, the septal shift, the reduced 
LV size, the delayed mitral valve opening, and the decreased 
mitral E-F slope all reflect the hemodynamic changes that char-
acterize pericardial tamponade.

Doppler studies similarly reflect the flow variation that 
occurs with respiration. Many of these changes in flow are 

similar to those seen in constrictive pericarditis, including a 
greater than 25% variation in the mitral peak E wave with 
inspiration. As a result of the loss of early ventricular filling due 
to the compression of the heart, most of the systemic and pul-
monary venous flow occurs during ventricular systole. These 
reciprocal changes with respiration are also present in the 
respective pulmonary venous flow or mitral annular movements 
(tissue Doppler) and in the hepatic venous flows. The hepatic 
venous flow may also demonstrate marked atrial reversal of 
diastolic flow with expiration. These Doppler changes are out-
lined in Figure 43-5. The LV ejection time may decrease and 
the RV ejection time may increase during inspiration, again 
documenting the expected respiratory changes between the 
ventricles.

CliniCal PREsEntation

The classic findings of pericardial constriction and tamponade 
are presented in Chapter 42. This chapter reviews the key find-
ings with an emphasis on understanding the underlying hemo-
dynamics that they represent and how these findings are helpful 
in some cases (and not in others) for distinguishing pericardial 
constriction from pericardial tamponade.

Pericardial Constriction

Pericardial constriction may be subtle, while significant con-
striction presents as primarily right-sided heart failure with 
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table 43-2 Major Hemodynamic Differences between Constrictive Pericarditis and Pericardial Tamponade

Constrictive Pericarditis Pericardial tamponade

Atrial pressures elevated with rapid y descent Atrial pressures elevated with blunted y descent
y descent greater than x descent x descent greater than y descent
Kussmaul’s sign often present Kussmaul’s sign occasionally present
Square root sign in diastole Blunted early filling in diastole
Nadir of early ventricular pressure near zero Elevated early ventricular diastolic pressure
Paradoxical pulse uncommon Paradoxical pulse common
Normal heart size on chest radiograph Water-bottle cardiac enlargement
Calcification of the pericardium occasionally present Calcification rarely seen
Atria normal in size and shape on echo Right atrial, right ventricular, and occasional left atrial diastolic collapse
No or trivial pericardial effusion on echo, CT, or MRI Pericardial effusion present
Often, thickened pericardium seen on CT or MRI Normal or minimally thickened pericardium seen on CT or MRI

Figure 43-6 Pressure-volume relationship of pericardium. LA, left atrial; LV, left ventricular; PE, pulmonary embolism; RA, right 
atrial; RV, right ventricular. (With permission from Spodick DH. Pericardial diseases. In: Braunwald E, Zipes DP, Libby P, 
eds. Heart Disease. Philadelphia: WB Saunders; 2001:1842–1843.)
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normal LV systolic function. A history of antecedent pericardi-
tis, pericarditis-inducing drug use, uremia, cardiac surgery, or 
thoracic radiation (which may also be a contributing factor in 
restriction) may be a clue. There is usually evidence of venous 
congestion, pedal edema, ascites (often out of proportion to 
peripheral edema), fatigue, dyspnea, and low cardiac output. 
Most patients compensate with tachycardia. Atrial arrhythmias 

are common. The retinal veins are often engorged. Jugular 
venous distention is universal, and a positive Kussmaul’s response 
is expected. The sharp, rapid x and y descents are often seen in 
the jugular venous pulsations at bedside. Because the jugular 
veins may be so distended as to not be visible when the patient 
is reclining, patients should be examined in an upright position. 
To time the pulse waveforms, one should feel the opposite 
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carotid pulse: the x descent occurs during ventricular systole. 
Precordial palpation may be normal, or the apex may even 
retract with systole. The rapid filling of the ventricles  
may produce a loud filling sound (pericardial knock) on auscul-
tation. The liver is often enlarged, and ascites is often the prom-
inent examination feature. A paradoxical pulse is not usually 
demonstrated unless associated lung disease or concurrent peri-
cardial tamponade exists.

Pericardial Tamponade

Pericardial tamponade symptoms are generally more related to 
low output than to right-sided heart failure. The setting for 
acute tamponade often includes chest trauma, recent cardiac 
surgery, recent (but generally not acute) myocardial infarction, 
or evidence of aortic dissection. Chronic tamponade is generally 
related to malignancy, uremia, or other causes of inflammatory 
pericarditis. Tachypnea and dyspnea are common findings in 
pericardial tamponade. Orthopnea from pulmonary interstitial 
edema, which increases lung stiffness, is also common. Cough, 
dysphagia, and presyncope or frank syncope are often seen, 
along with fatigue, weakness, and anorexia. Anemia, common in 
uremia and malignancies, exacerbates the symptoms. Eventu-
ally, shock, with accompanying renal and hepatic failure and 
mesenteric ischemia, may be seen.

The physical examination may be deceptive when hypoten-
sion and shock predominate. Tachycardia is the rule (although 
the heart rate may be lower in patients with hypothyroidism or 
in some patients with uremia). The jugular venous pressure 
( JVP) is usually elevated (in the absence of hypovolemia), and 
Kussmaul’s sign is usually not evident unless there is associated 
constrictive physiology. At times, the JVP elevation may be 
striking and may result in venous distention of the scalp, the 
forehead, and the ocular veins. The jugular venous waveforms 
reveal a normal or even diminished y descent (as opposed to the 
rapid y descent seen in constriction), with preservation of the x 
descent during ventricular systole (timed at bedside by palpation 
of the opposite carotid). A paradoxical pulse is usually present 
unless there is marked hypotension and/or hypovolemia (which 
then leads to hypotension), and its presence should be aggres-
sively sought. Pericardial rubs are variable and may exist even 
in the presence of large pericardial effusions. At times, very large 
pericardial effusions produce dullness and bronchial breathing 
between the left scapula and the spine (Bamberger-Pins-Ewart’s 
sign). The cardiac impulse may not be palpable. Evidence of 
chronic right-sided heart failure, such as ascites, is usually 
absent.

Table 43-3 outlines the differences in the physical examina-
tion of patients with pericardial constriction and patients with 
pericardial tamponade.

DiagnostiC aPPRoaCH

ECG and Chest X-ray

As discussed in Chapter 42, while often helpful, the ECG and 
chest radiograph should not be relied on to make the diagnosis 
of either pericardial constriction or pericardial tamponade, or 
to distinguish the two. In pericardial constriction, the ECG is 

frequently abnormal, with low voltage being common. Inter-
atrial block demonstrated by a wide P wave is common. An RV 
strain pattern may present with right-axis deviation. In chronic 
pericardial constriction, myocardial calcification and fibrosis can 
affect coronary perfusion and the conduction system. Stress tests 
in patients with pericardial constriction can produce a “false-
positive” result, with ECG changes due to myocardial calcifica-
tion and fibrosis rather than typical coronary artery disease. 
Atrial arrhythmias, especially fibrillation, are common. In peri-
cardial tamponade, nonspecific findings such as P-R depression, 
ST-segment elevation, and low voltage may be seen. When the 
pericardial effusion is large, the heart may swing within the 
pericardium, producing an electrical alternans that primarily 
affects the QRS and not the T waves. Atrial arrhythmias are 
common.

In pericardial constriction, chest x-ray findings may reveal a 
normal or only modestly enlarged cardiac silhouette. However, 
in pericardial tamponade (particularly when a large effusion is 
present), chest radiography can be very useful, demonstrating 
clear lung fields with evidence of a markedly enlarged cardiac 
silhouette (water-bottle heart). Identification of the cardiac fat 
pad may reveal that the cardiac enlargement is from an increase 
in the extracardiac space. The superior vena cava and the 
azygous veins may be dilated as well.

Echo-Doppler

PERICARDIAL CONSTRICTION

The major echo-Doppler findings in constrictive pericarditis  
were described previously and in Figures 43-2, 43-3, 43-4, 
and 43-5 and Table 43-4. Distinguishing features between 
constrictive pericarditis and a restrictive cardiomyopathy can be 
found in Chapter 20. It is important to note that echocardiog-
raphy is an insensitive method for measuring pericardial 
thickness.

table 43-3 Differences in the Physical Examination 
of Patients with Constrictive Pericarditis 
versus Patients with Pericardial 
Tamponade

Constrictive Pericarditis Pericardial tamponade

Clear lung fields Clear lung fields, with 
occasional Ewart’s sign in 
large pericardial effusions

Ascites often present; 
peripheral edema 
occasionally present

Ascites and peripheral 
edema rare

Evidence of pleural effusions 
common

Pleural effusions 
uncommon

JVP markedly elevated; rapid 
x and y descents

JVP moderately elevated; 
loss of y descent evident

Pericardial rub rare Pericardial rub common
Apical pulse localized and 

may retract with systole
Apical pulse large and 

diffuse
Loud filling sound (“knock”) 

occasionally present with 
normal S1 and S2

Heart sounds often 
diminished

JVP, jugular venous pressure.
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table 43-4 Comparison of the Echo-Doppler Findings in Constrictive Pericarditis versus Pericardial Tamponade

Constrictive Pericarditis Pericardial tamponade

Pericardial effusion small or not present Pericardial effusion evident and often large
Atria normal in size Atria demonstrate free wall collapse
Right ventricle is normal in size. Septal shift is occasionally 

noted with inspiration.
Right ventricle (especially outflow) may demonstrate free wall 

collapse. Septal shift with inspiration common
Distinct interventricular septal bounce in early ventricular 

diastole
No interventricular septal bounce

Mitral valve motion usually normal Delayed mitral valve opening and reduced E-F slope of mitral 
opening are evident. Aortic valve may close prematurely with 
inspiration.

With inspiration, LVET normal or slightly shortened and 
RVET prolonged

With inspiration, LVET shortened and RVET prolonged

Mitral valve E wave initially high with short deceleration and 
reduced “A” wave

Mitral valve E wave height usually blunted

With inspiration or sniff, IVC does not decrease >50% in 
diameter.

Similarly, with inspiration or sniff, IVC does not decrease >50% in 
diameter.

With inspiration, >25% decline in mitral valve E-wave height Similarly, with inspiration, >25% decline in mitral valve E-wave 
height

With inspiration, RV pressure may rise (as noted on tricuspid 
regurgitation jet, if present).

With inspiration, RV systolic pressure may fall normally or rise 
modestly.

With inspiration, tricuspid valve E wave increases >40% and 
mitral valve E wave decreases.

Similarly, with inspiration, tricuspid valve E wave increases >40% 
and mitral valve E wave decreases.

With inspiration, hepatic vein flow increases and pulmonary 
vein flow decreases.

Similarly, with inspiration, hepatic vein flow increases and 
pulmonary vein flow decreases.

IVC, inferior vena cava; LVET, left ventricular ejection time; RV, right ventricular; RVET, right ventricular ejection time.

PERICARDIAL TAMPONADE

The major echo-Doppler findings in tamponade are outlined 
above and described in Figures 43-2, 43-4, and 43-5 and Table 
43-4. Pericardial effusions are common and do not result in 
hemodynamic compromise unless evidence of tamponade is 
present.

Computed Tomography and Magnetic 
Resonance Imaging

PERICARDIAL CONSTRICTION

Thickening of the pericardium may help confirm pericardial 
disease and constriction, but constrictive physiology can clearly 
be present with minimal changes on CT or MRI. To detect 
pericardial thickening by CT or MRI, pericardial thickness must 
be greater than 3 mm. Focal areas of thickening can also be 
identified by CT, MRI, or both. Around 20% of patients with 
surgically documented pericardial constriction do not have peri-
cardial thickening by CT or MRI, so the absence of pericardial 
thickening by CT or MRI should not rule out constriction if 
other compelling findings are present. Neither modality can as 
yet reliably identify respiratory differences, although the use of 
gadolinium bolus observation with MRI can sometimes eluci-
date the presence or absence of interventricular interaction in 
gated studies. The studies are hampered by the need for tem-
poral averaging of the images and for breath holding to acquire 
the highest quality imaging. Calcification, present in about 25% 
of cases, is useful but not a sensitive measure of constriction. 
Electron beam and multislice CT are more sensitive to pericar-
dial calcium than chest radiography or standard CT methods 
and can identify very small amounts. The presence of calcium 
does not necessarily imply that constriction is present, however.

PERICARDIAL TAMPONADE

Neither chest CT nor cardiac MRI provides additional informa-
tion that is not available from Doppler echocardiography for the 
diagnosis of pericardial tamponade. Both studies can confirm 
the presence of an effusion. From an etiologic standpoint, both 
studies provide additional information about the involvement of 
contiguous structures, enlarged lymph nodes, lung lesions, evi-
dence of pleural involvement, and other factors that may help 
determine the cause of the pericardial effusion.

Cardiac Catheterization

PERICARDIAL CONSTRICTION

The hemodynamics of constrictive pericarditis were described 
earlier in this chapter (see Tables 43-2 and 43-4 and Figs. 43-2, 
43-3, and 43-4). It is important to track all right-sided heart 
pressures in relation to the left-sided heart pressures and to note 
any respiratory changes in systolic and diastolic pressures. 
Right-sided heart catheterization by itself is usually inadequate 
for diagnosing pericardial disease. Observations to be made at 
cardiac catheterization include nearly equal levels of EDP in all 
chambers, relatively normal or only slightly elevated pulmonary 
pressures with a normal pulmonary vascular resistance, a dis-
crepancy of less than 5 mm Hg between the LV EDP and the 
RV EDP, a positive Kussmaul’s sign in the right atrium, and 
the classic square root (dip and plateau) pattern in the atrial and 
diastolic ventricular waveforms.

The role of cardiac catheterization should be to demonstrate 
ventricular interdependence. Critical to confirming ventricular 
interdependence is the demonstration of discordant peak sys-
tolic RV and LV pressures or an increased RV/LV pressure 
time-to-area ratio greater than 1.1 with inspiration compared to 
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diagnostic improvement will probably come with more advanced 
CT and MRI technologies. Additionally, improved imaging 
combined with hemodynamic assessment will offer more  
definition of those individuals who will benefit from pericardi-
ectomy. At present, pericardiectomy generally requires open-
chest surgical approaches. With the continued advances in 
laparoscopic technology, enhanced minimally invasive pericar-
diectomy could be developed. This could result in reductions  
in the morbidity and mortality risks of pericardiectomy and 
would be of significant benefit for those with pericardial con-
strictive disease.
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expiration, or both. The RV EDP is usually greater than one 
third the RV systolic pressure. A paradoxical pulse is unusual. 
In significant constriction, the nadir of the ventricular pressures 
usually approaches zero. At times, rapid fluid loading is required 
to reveal the constrictive physiology in patients with hypovole-
mia. If the patient is in atrial fibrillation, it may be impossible 
to sort out the subtle changes between the LV and RV pressures 
without using a temporary RV pacemaker to pace at a higher 
than baseline rate and establish a regular rhythm. High-fidelity 
catheters improve the quality of the data but are rarely used 
anymore. In addition, an RA angiogram in the anteroposterior 
view may reveal a cardiac “peel” or thickening at the interface 
of the RA free wall and the lung fields. Similarly, contrast angi-
ography of the coronary arteries may reveal a “peel” or a radio-
graphic shadow between the coronary arteries and the lung 
fields. Portions of the coronaries may also appear frozen in the 
pericardium during cardiac motion.

PERICARDIAL TAMPONADE

As noted earlier, in pericardial tamponade, the expected findings 
include marked elevation in the atrial and ventricular diastolic 
pressures, loss of the y descent in the atrial tracings, no 
Kussmaul’s sign (in general), blunting of the early diastolic 
filling pressures in the ventricles, normal pulmonary pressure 
and pulmonary resistance, equalization of the diastolic pres-
sures, and a paradoxical pulse. As with constriction, a normal 
rhythm is needed and ventricular pacing may be required if the 
patient is in atrial fibrillation. On fluoroscopy, the heart may be 
observed to swing within the pericardial sac. When the issue of 
mixed disease (i.e., effusive-constrictive disease) is present, peri-
cardiocentesis may remove the tamponade component and 
reveal the underlying constrictive physiology. To help analyze 
effusive-constrictive disease, it may be useful to remeasure the 
intracardiac pressures once the pericardial fluid has been tapped. 
Classic tamponade physiology may change to constrictive physi-
ology if both are contributory.

FutuRE DiRECtions

Despite improvements in the diagnosis and treatment of  
pericardial disease, opportunities for advances still exist— 
particularly with respect to pericardial constriction. Further 
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Angiogenesis and Atherosclerosis

Cam Patterson

R evascularization via coronary artery bypass surgery and per-
cutaneous coronary interventions remains the definitive 

therapy for patients with refractory ischemic heart disease, par-
ticularly when accompanied by left ventricular (LV) dysfunc-
tion. Bypass surgery in particular reduces mortality in patients 
with multivessel coronary artery disease and LV dysfunction. 
However, the surgery itself is invasive and is associated with 
significant mortality and morbidity. In addition, many patients 
are poor candidates for bypass based on their coronary anatomy, 
coexisting conditions, or the severity of their heart failure. Like-
wise, anatomic complications may make percutaneous coronary 
interventions such as balloon angioplasty and stent implantation 
a poor choice for many of these patients. Thus, there is a need 
for an alternative means of revascularization. The identification 
of endogenous pathways that regulate angiogenesis—the growth 
of new blood vessels from existing vessels—has fostered the 
intriguing hypothesis that if angiogenesis could be promoted in 
a controlled manner, recently elucidated, endogenous pathways 
could be stimulated to augment blood vessel formation and 
revascularize tissues in myocardial ischemic zones.

MechAnisMs of Angiogenesis

Angiogenesis occurs by the budding of new blood vessels from 
existing vessels (Fig. 44-1). Inflammation and hypoxia are the 
two major stimuli for new vessel growth. Hypoxia regulates 
angiogenesis predominantly by activating a transcription  
factor, hypoxia-inducible factor-1, which in turn activates the 
angiogenesis gene expression cascade. Inflammation stimulates  
angiogenesis mainly by the secretion of inflammatory cytokines 
derived primarily from macrophages. In either event, the result 
is production of vascular endothelial growth factor (VEGF) and 
other potent angiogenic peptides. VEGF interacts with specific 
receptors on endothelial cells that, in turn, activate pathways to 
break down the extracellular matrix and stimulate proliferation 
and migration toward an angiogenic stimulus and recruitment 
of pericytes and smooth muscle cells to establish the three-
dimensional structure of a blood vessel. After making appropri-
ate connections with the vascular system, the newly formed 
vessel is capable of maintaining blood flow and providing oxygen 
to the tissue in need.

Angiogenesis occurs in numerous circumstances, some of 
which are necessary for normal development and organ func-
tion. In other circumstances, angiogenesis is a maladaptive 
response to local injury or stress. During development, the 
formation of every organ system is dependent on angiogenic 
events; in fact, the cardiovascular system is the first organ system 
to function during embryogenesis. In adult females, the men-
strual cycle is dependent on cyclic angiogenesis that is stimu-
lated in part by reproductive hormones. Beyond this, however, 
most angiogenesis in adults occurs in pathologic conditions  
or as a response to injury. Tumor growth and metastasis, dia-
betic vascular disease (including retinopathy), inflammatory 

arthritides, and wound healing are some of the processes that 
depend on angiogenesis. In addition, the invasion of ischemic 
tissues with new capillaries and the development of a collateral 
circulation to supply occluded vessels, as may occur in chronic 
obstructive coronary disease, are angiogenic processes.

Angiogenesis And Atherosclerosis

The response to ischemia in organs such as the heart involves 
angiogenic events that increase perfusion to the compromised 
tissue. Thus, it is ironic that atherosclerosis (the most common 
cause of myocardial ischemia) is itself an angiogenesis- 
dependent process. The media of blood vessels remains avascu-
lar until a critical width is achieved, beyond which vascularization 
is necessary for medial nutrition. Increased blood flow within 
atherosclerotic lesions is due to new growth of medial vessels 
and not to dilation of existing vessels. New vessels in athero-
sclerotic lesions form primarily by branching from the adventi-
tial vasa vasorum. The possibility that neovascularization 
contributes to the pathophysiology of atherosclerosis surfaced 
when cinefluorography demonstrated the presence of rich net-
works of vessels surrounding human atherosclerotic plaques.

Neovascularization may contribute to the clinical conse-
quences of atherosclerosis by several mechanisms. Neovascular-
ization provides a source of nutrients, growth factors, and 
vasoactive molecules to cells within the media and the neo-
intima, which is evident from the association between neovas-
cularization of atherosclerotic lesions and proliferation of 
adjacent smooth muscle cells. Intimal hemorrhage, associated 
with plaque instability, is due to rupture of the rich network of 
friable new capillaries surrounding lesions. Regulation of blood 
flow through plaque microvessels may contribute to the patho-
physiology of vasospasm in advanced lesions. Vascular wall 
remodeling also seems to be related to neovascularization. 
Finally, neovascularization within human atherosclerotic lesions 
is associated with expression of adhesion molecules, which is 
strongly related to neointimal inflammatory cell recruitment.

Angiogenesis And ischeMic  
heArt diseAse

Refractory coronary ischemia, particularly in patients with 
decreased LV function who may not be candidates for revascu-
larization, remains a difficult clinical problem. Recognition of 
angiogenesis as an endogenous mechanism for perfusion of isch-
emic tissues raises the possibility that angiogenic factors or cells 
that produce them might be therapeutic tools for patients with 
refractory ischemia. Angiogenesis seems to be amenable to gene 
therapy approaches. Although gene therapy may induce angio-
genesis and improve perfusion in a wide spectrum of animal 
models of ischemia, thus far the utility of these approaches in 
humans has been limited. New vessel growth is a process that 
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figure 44-1 Mechanisms of angiogenesis. bFGF, basic fibroblast growth factor; HIF-1, hypoxia inducible factor; TGF-b, transforming 
growth factor beta; VEGF, vascular endothelial growth factor.

Angiogenesis occurs by the budding of new blood vessels. 
Hypoxia and inflammation are the two major stimuli
for new vessel growth. Obstructed coronary artery
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occurs over weeks to months (precluding single-dose therapies). 
However, after new vessels form, they are not likely to regress 
if they are conduit vessels; therefore, long-term therapy may  
not be necessary. Gene delivery by plasmids and adenoviruses 
can be directed to occur within this “angiogenic window,” 
raising hope for angiogenic gene therapies in chronic ischemic 
syndromes.

Gene therapy approaches to deliver VEGF in patients  
with ischemic coronary and peripheral vascular diseases have 
progressed, albeit not at the rates hoped for based on initial 
investigations in the 1990s. The use of angiogenic gene therapy 
still has tremendous potential for patients with refractory isch-
emic heart disease who otherwise have no options. Because 
angiogenesis is a new mechanism for treating this disease, it 
should be additive to the effects of pharmacologic agents 
(b-blockers, aspirin, and nitrates). The possibility of the creation 
of new, long-lived conduit vessels offers the potential for a 
“cure,” because these new vessels should provide relief long  
after the effects of VEGF or other angiogenic factors have 
dissipated.

However, it is not yet clear that angiogenesis, which pre-
dominantly involves the formation of new capillaries, creates 
vessels with the capacity to significantly increase blood flow to 
ischemic tissues. Uncontrolled capillary growth may cause 

hemangioma formation, which would not be beneficial and 
might well be deleterious. Few data are available that allow 
prediction of the appropriate dose, location, and duration of 
angiogenic gene therapy. In therapy for myocardial ischemia, 
required invasive approaches are associated with appreciable 
morbidity. Despite predictions of side effects based on diseases 
with known angiogenic components, little is known about side 
effects of angiogenic therapies in humans. Of greatest concern 
is the possibility that angiogenic therapies will accelerate or 
unmask occult tumors or metastases, since it is well known that 
tumor growth is an angiogenesis-dependent process. Worsen-
ing diabetic neovascular complications, especially diabetic reti-
nopathy, are also a concern, given the prevalence of diabetes in 
patients with severe atherosclerotic disease.

Early clinical trials in angiogenesis have produced results that 
are variably interpreted, depending on the views of those review-
ing these studies. Small, but statistically significant, improve-
ments in pain-free exercise duration have been demonstrated in 
angiogenesis trials involving the coronary vasculature (with 
chest pain as the limiting symptom) as well as the peripheral 
vasculature (in patients with limiting claudication). These data 
support the concept of clinical angiogenesis. An opposing view 
is that because the improvements are modest, these studies fall 
short of demonstrating an important clinical benefit; moreover, 
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thus far no studies have shown an effect on mortality or major 
morbidity.

Still under investigation are whether this is an effective 
approach, how and when to apply angiogenic agents, and the 
possible side effects of angiogenic stimulants. Long-term studies 
are necessary to definitively exclude adverse consequences such 
as tumor promotion.

VAsculogenesis And 
Arteriogenesis: AlternAtiVes  
to Angiogenesis

New vessel growth in chronic ischemic syndromes is an attrac-
tive idea. Fortunately, more than one mechanism exists to create 

figure 44-2 Mechanisms of arteriogenesis and development of collateral vessels. ECs, endothelial cells; GM-CSF, granulocyte 
macrophage colony-stimulating factor; ICAM-1, intercellular adhesion molecule 1; IL-4, interleukin-4; LAD, left anterior 
descending artery; MCP-1, monocyte chemotactic protein 1; RCA, right coronary artery; SMCs, smooth muscle cells.

The presence of a significant stenotic lesion in a coronary artery increases the blood flow 
in the low-resistance peripheral arteriolar network that connects the pre- and poststenosis 
segments of the given artery. This leads to elevation of blood shear stress against the wall 
of the arterioles, triggering the development of collateral vessels. 
       Stenotic coronary artery

Myocardium supplied by the
branches of the stenotic artery

5th stage: To open space for the growing collateral 
vessels, macrophages and lymphocytes attracted to 
the site attack and destroy the myocardium and the 
extracellular matrix.

Newly remodeled vessel. Its diameter can 
be up to 20 times wider than that of the 
original arteriole.

2nd stage: Monocytes adhere to 
the endothelial cell surface.

Arteriole

MCP-1

ICAM-1
GM-CSF

IL-4 SMC

Myocardium

Fluid shear stress

Stages of the development of collateral vessels

Angiogram showing
collateral arteries
connecting the RCA to
LAD.

EC

4th stage: Vascular growth factors
produced by the macrophages
initiate mitosis of SMCs and ECs.
      At this point, the walls of the 
        vessel during the remodeling 
           process become considerably 
             thinner and leaky.

1st stage: ECs activated by augmented shear stress
express on their surface MCP-1, ICAM-1, and
GM-CSF.

3rd stage: Monocytes become macrophages and
produce fibronectin, proteoglycans, vascular
growth factors, and proteases that digest the
extracellular matrix. Platelets also adhere to the
vascular wall and release IL-4, which stimulates
adhesion molecules.

new blood vessels. Angiogenesis is the creation of blood vessels 
from sprouts off existing vessels. In contrast, vasculogenesis is 
the creation of blood vessels de novo by differentiation of new 
blood cells. Endothelial cell precursors in the bone marrow and 
circulating in the bloodstream can incorporate into developing 
vessels and contribute to vessel growth in a manner very similar 
to the vasculogenesis of embryonic development. The therapeu-
tic potential of these cells has not been tested, but they can be 
recruited from bone marrow and may be a means to accelerate 
endogenous revascularization in patients with ischemia.

In contrast to angiogenesis, arteriogenesis is the recruitment 
of existing vessels to increase their capacity and consequent 
blood flow to ischemic tissue (Fig. 44-2). In a sense, arteriogen-
esis represents the maturation of vessels that exist but may not 



388 SECTION VII • Vascular Diseases

contribute significantly to regional blood flow until properly 
stimulated. Most collateral vessels visualized by arteriography 
are probably vessels that have undergone arteriogenesis  
instead of angiogenesis. Because arteriogenesis creates capaci-
tance vessels, this process is more likely to increase blood supply 
in a way that substantially affects tissue perfusion. Interestingly, 
the proteins that affect arteriogenesis are distinct from those 
that regulate angiogenesis; VEGF does not seem to be impor-
tant for arteriogenesis, whereas macrophage-derived factors are 
necessary. The therapeutic potential of arteriogenesis has not 
been tested, but given the role of arteriogenesis in collateral 
formation in patients with chronic myocardial ischemia, this 
represents another potential therapeutic tool for the creation of 
new blood vessels in patients with refractory angina.

future directions

Despite the range of therapies for patients with coronary  
atherosclerosis, there is still a large population that is not ade-
quately treated. Many of these patients have severe LV dysfunc-
tion from ischemic disease and, either because of coronary 
anatomy or because of other comorbidities, are not good can-
didates for revascularization. The creation of new blood vessels 
to increase tissue perfusion is one way to alleviate myocardial 
ischemia. The challenge is to determine the best way to increase 
tissue perfusion with minimal side effects. Angiogenic agents 
such as VEGF have the lead in drug development, although 
their overall benefit remains unproven. It is likely that other 

therapies designed to stimulate vasculogenesis and arteriogen-
esis will be evaluated for this patient population. Treatments 
designed to enhance blood vessel growth are being tested on 
patients with otherwise refractory disease, but eventually these 
approaches could be applied to any patient with ischemic heart 
disease and could even obviate the need for revascularization 
procedures in a significant cohort of patients.

AdditionAl resources

Folkman J. Angiogenesis. Ann Rev Med. 2006;57:1–18.

This review provides a broad overview of the role of angiogenesis in a variety of 
physiologic and pathologic processes, including cardiovascular diseases.

Freedman SB, Isner J. Therapeutic angiogenesis for coronary artery disease. 
Ann Intern Med. 2002;136:54–71.

Summarizes potential roles for targeting angiogenesis therapeutically to treat or 
prevent complications of atherosclerosis.

EvidEncE

Virmani R, Kolodgie FD, Burke AP. Atherosclerotic plaque progression 
and vulnerability: angiogenesis as a source of intraplaque hemorrhage. 
Arteriosclerosis, Thrombosis Vasc Biol. 2005;25:2054–2061.

This review discusses the specific role of intraplaque angiogenesis in plaque 
destabilization via its effect on enhancing hemorrhage within atherosclerotic 
lesions, and the potential adverse consequences of enhancing angiogenesis as a 
therapeutic strategy for cardiovascular diseases.
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Diagnostic Techniques in  
Vascular Disease

Joseph Stavas

P eripheral vascular disease (PVD) encompasses a broad spec-
trum of arterial diseases that reduce or alter tissue perfu-

sion. Morphologic changes that narrow the vessel lumen 
(stenosis) or abnormally enlarge its diameter (aneurysms) cause 
alterations in flow patterns, thereby leading to ischemic symp-
toms. Evaluation of PVD always involves advanced imaging. 
The imaging method of choice depends upon the vessels in 
question and the end organs and tissue that are affected. Non-
invasive imaging techniques include Doppler ultrasound,  
multidetector CT angiography, and magnetic resonance angi-
ography (MRA). Digital subtraction angiography (DSA) can be 
utilized to confirm the results of a noninvasive examination and 
to guide catheter-based therapies. This chapter summarizes the 
various diagnostic techniques available to evaluate the most 
commonly encountered occlusive and aneurysmal clinical disor-
ders of the aorta and renal, carotid, and lower and upper extrem-
ity arteries.

ETiology anD PaThogEnEsis

A large number of pathologic processes result in arterial occlu-
sive and aneurysm diseases. By far the most common etiology 
is atherosclerotic plaque formation in the vessel wall leading to 
luminal narrowing, wall calcification, plaque destabilization and 
hemorrhage with rupture, thrombosis, and end-organ damage 
or showering of emboli distally with resulting tissue damage  
and necrosis. In other circumstances, atherosclerosis leads to 
weakening of the vessel lumen leading to true aneurysms, 
defined as a vessel diameter greater than 1.5 times its normal 
diameter involving all layers. Genetic abnormalities and  
environmental exposures are almost always contributory in  
individuals with advanced vascular pathology. Specific genetic 
abnormalities have been elucidated in Marfan’s syndrome 
(fibrillin-1), Ehlers-Danlos syndrome, William’s syndrome 
(hypercalcemia), Loeys-Dietz syndrome (transforming growth 
factor-β receptor), and homocysteinuria. Thromboangiitis 
obliterans (Buerger’s disease), which is usually associated with 
heavy nicotine use, is also seen with PVD. Other risk factors for 
atherosclerosis (e.g., hypertension, diabetes, lipid abnormalities) 
all accelerate disease progression and may lead to a need for 
surgical or percutaneous intervention. Extrinsic mass effects or 
vessel encasement in the case of popliteal artery entrapment by 
the gastrocnemius muscle, celiac artery by the diaphragmatic 
crus (median arcuate ligament syndrome), or renal artery by 
neurofibromatosis may lead to similar occlusive symptoms. 
Clinical manifestations depend on the location and severity of 
the vessel disease and presence of collateral circulation (see 
Chapter 44 for additional information on the pathogenesis of 
atherosclerosis).

lowEr ExTrEmiTy PEriPhEral 
Vascular DisEasE

Clinical Presentation

Population studies suggest that approximately 15% of the 
general population older than 55 years have lower extremity 
PVD. In individuals with a genetic predisposition, diabetes, 
hypercholesterolemia, or a history of significant cigarette 
smoking, the prevalence of PVD is higher. Symptoms range 
from mild, intermittent claudication (pain or discomfort  
that develops during exercise and is relieved with rest) to  
constant, severe rest pain. The level of the occlusion typically 
correlates with the level of pain. Distal aortic (Leriche’s syn-
drome) and iliac disease cause gluteal, thigh, lower extremity, 
and occasional back pain and impotence. In these individuals, 
the femoral artery pulses are usually abnormal, diminished,  
or absent. Superficial femoral and popliteal artery stenoses 
result in foot and calf symptoms. Less than 20% of patients with 
PVD progress to critical limb ischemia that jeopardizes the 
tissue viability of the extremity. The presence of PVD is evi-
dence of systemic atherosclerosis and is associated with a three-
fold increase in cardiovascular mortality. Cross referral between 
cardiology and vascular surgery–interventional radiology ser-
vices is vital to identify patients at risk for treatable coronary 
disease.

Diagnostic Approach

Examinations used to evaluate the lower extremity arteries  
are designed to establish the presence and location of disease, 
quantify severity, and determine temporal progression.

Ankle-BrAchiAl index And SegmentAl  
PreSSure meASurementS

The ankle-brachial index (ABI) is the simplest baseline examina-
tion used for PVD screening. This examination has a high posi-
tive predictive value except in diabetics with noncompressible 
calcified vessels. As an arterial stenosis increases, there is a pro-
gressive decrease in the systolic blood pressure (SBP) distal to 
the stenosis. The decreased blood pressure can be quantified 
and localized using pneumatic cuffs and either continuous 
Doppler or plethysmographic sensors. The ABI is determined 
by measuring SBP in the tibial and brachial arteries. Normally, 
SBP is amplified in the distal limb by pulse-wave reflection, and 
the ABI is greater than 1. An ABI of 0.80 to 0.90 is considered 
to be mildly diminished; 0.50 to 0.80, moderately diminished; 
and less than 0.50, severely diminished. These values reflect the 
degree of proximal PVD.
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The ABI is simple and inexpensive to use and is an excellent 
office-based screening tool to identify individuals at risk for limb 
ischemia who may warrant further investigation if results are 
abnormal. Pressure measurements at multiple levels along the 
leg can estimate the location of an arterial occlusion. Blood 
pressure cuffs are placed on the upper and lower thighs and 
calves, and a gradient of greater than 10 to 15 mm Hg between 
adjacent sites suggests a physiologically significant stenosis. 
Measurements after treadmill exercise may disclose a hemody-
namically significant lesion that is unapparent at rest.

duPlex ultrASOnOgrAPhy

Doppler waveform analysis is an accurate method for defining 
arterial lesion location and severity (Fig. 45-1). Significant arte-
rial stenoses alter the pattern of flow velocity, as assessed by 

Figure 45-1 Types of arterial noninvasive tests.
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continuous-wave Doppler analysis. A change in the flow velocity 
waveform—an increase in peak systolic velocity at the site of the 
lesion, turbulence, loss of the reverse flow component, or a 
decrease in pulse velocity distal to the lesion—is diagnostic of a 
flow-limiting arterial lesion. Color Doppler imaging is able to 
identify the vessel(s) of interest. A critical stenosis (>50%) is 
characterized by poststenotic turbulence on color imaging (see 
Fig. 45-1) and a doubling of the peak systolic velocity on 
continuous-wave Doppler.

cOmPuted tOmOgrAPhy AngiOgrAPhy And 
mAgnetic reSOnAnce AngiOgrAPhy

Current multidetector or dual-source CT scans with power-
injected intravenous contrast provide rapid high-resolution axial 
scans with imaging of the major vessels throughout the entire 
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Figure 45-2 Diagnostic techniques in vascular disease.
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cardiovascular system. The temporal spatial and contrast  
resolution of these scanners to 0.3 mm has allowed improved 
diagnosis of the location and severity of occlusive and aneurys-
mal disease, and also can provide information on whether 
plaques are calcific and whether a thrombus is present. Three-
dimensional (3D) curved multiplanar reconstruction, rotational 
imaging, and postprocessing techniques, such as volume-ren-
dering imaging and stenosis quantification, allow for a thorough 
analysis of a specific lesion or aneurysm. These outpatient 
studies have replaced diagnostic angiography in many situations 
and are completely adequate for targeting interventions, thereby 
reducing the volume of contrast required and length of exami-
nation. CT angiography (CTA) is widely available. The major 
contraindications to its use are an allergy to iodine (and intra-
venous contrast) and renal insufficiency. Patients with known or 
potential dye allergies can be pretreated to reduce allergic reac-
tions, and depending on the degree of renal insufficiency, it is 
often possible to reduce the risk of worsening renal failure by 
hydration before and after the procedure. The incidental diag-
nosis of additional unrecognized disease occurs frequently 
during the PVD CT scan. Asymptomatic lung, renal, bladder, 
and other cancers, more common in a population using nicotine, 
are often discovered during diagnostic CTA. The use of CTA 
must be weighed against the above complications and the sig-
nificant radiation exposure dose, especially for younger patients.

High-field (1.5 Tesla or greater) MRA is nonionizing and 
can be used in patients with iodine allergies or renal insuffi-
ciency. Newer gradient coils, software, and hardware have 
improved the spatial resolution of MRA, and for some diseases 
it approaches CTA and conventional angiography for diagnostic 
accuracy. Contraindications to MRI-MRA are cardiac pacemak-
ers or defibrillators and decreased creatinine clearance, since 
gadolinium contrast agents have been implicated in the develop-
ment of nephrogenic systemic fibrosis. There may be impaired 
imaging due to artifacts from endovascular stents, grafts, and 
coils, and imaging sequences may be limited by the need for 
specific table and coil requirements. Some patients may also 
require anxiolytics because of the increased length of examina-
tions and/or claustrophobia. Data from both CTA and MRA 
are enhanced with 3D laboratory capabilities (Fig. 45-2).

ABdOminAl, PelVic, And lOwer  
extremity AngiOgrAPhy

Angiography is an invasive examination with some risk, albeit 
small, due to arterial puncture site and catheter manipulation 
complications. These are typically groin hematoma and pseu-
doaneurysm formation, and less commonly vessel wall dissec-
tion. Despite these potential complications, diagnostic and 
frequently therapeutic angiography examinations are performed 
in outpatient settings. Image quality and diagnostic accuracy are 
superb with high-resolution flat panel DSA equipment. Small-
vessel anatomy, especially in the foot and ankle region, is clearly 
defined, better than by either CTA or MRA. Visualization of 
distal upper and lower extremity anatomy is crucial for distal 
bypass graft surgery. Diagnostic angiography is indicated  
when ultrasound, CTA, or MRA is unable to answer the  
clinical question, or when intervention is planned at the same 
setting. The examination typically requires conscious sedation, 

postprocedure observation space, and an adequate inventory of 
catheters, wires, and sheaths. Initial and ongoing capital costs 
are required to maintain an angiography suite.

caroTiD arTEry DisEasE

Clinical Presentation

Close to 700,000 new or recurrent strokes occur each year in 
the United States, and approximately 4.6 million stroke survi-
vors are alive today. Stroke is a leading cause of disability, with 
nearly one of every five victims requiring institutional rehabili-
tation care. An important cause of preventable stroke is large-
vessel or carotid atherosclerosis, which may account for 15% to 
20% of ischemic strokes.

Patients with cerebrovascular disease may present with an 
asymptomatic bruit, a transient ischemic attack, weakness, 
paralysis, or a variety of vague symptoms. The risk of stroke 
increases with greater degrees of carotid plaque burden, particu-
larly for those with recent ischemic neurologic events. The 
5-year stroke risk in these patients can be as high as 35%. 
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Duplex (B-mode and Doppler) and color Doppler
studies are used to evaluate extracranial carotid
arterial circulation.

Duplex ultrasound of the left carotid artery that did 
not have significant narrowing: (A) proximal 
common carotid, and (B) external carotid.            

ECA
Spike

Doppler studies detect waveform and velocity abnormalities characteristic of stenosis.

Low-resistance antegrade
flow waveform

Pulsatile triphasic high-
resistance waveform

(C) Mid-internal carotid segments. (D) Severe right
internal carotid artery stenosis.

CCA

ICA

A C DA B

Figure 45-3 Noninvasive evaluation of carotid arteries. ccA, common carotid artery; ecA, external carotid artery; icA, internal 
carotid artery.

Despite the availability of multiple natural history studies of 
asymptomatic carotid lesions, it is still difficult to predict which 
patients will have a neurologic event, whether or not they 
receive antiplatelet therapy.

Diagnostic Approach

The goal of evaluation of the carotid arteries is to define the 
location, laterality, and extent of carotid disease.

duPlex ultrASOnOgrAPhy

The mainstay of noninvasive evaluation of carotid disease is 
duplex ultrasonography (Fig. 45-3). The combination of two-
dimensional ultrasound imaging and Doppler assessment is an 

inexpensive, noninvasive, safe, convenient, and accurate means 
of localizing and determining the hemodynamic significance of 
carotid lesions. Surgical carotid endarterectomy (CEA) can be 
performed on the basis of the duplex findings.

The sensitivity and specificity of this approach are lessened 
in patients with increased carotid wall calcification and/or sub-
occlusive stenoses (string sign of near-complete occlusion), and 
in the hands of less-experienced operators. Laboratory certifica-
tion offers standardization of imaging quality.

cOmPuted tOmOgrAPhy AngiOgrAPhy And 
mAgnetic reSOnAnce AngiOgrAPhy

Advantages of these noninvasive imaging techniques include  
the capacity to visualize the aortic arch, as well as the brachio-
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cephalic trunks and intracranial arteries (see “Lower Extremity 
Peripheral Vascular Disease”). Duplex correlation with CTA or 
MRA is sometimes necessary in patients with recurrent symp-
toms and postoperative CEA, those who had prior head and 
neck surgery, and in technically difficult duplex examinations. 
CTA requires iodinated contrast administration, and MRA can 
be degraded by motion artifact from breathing and swallowing, 
signal voids due to surgical clips, extensive calcification, and 
metallic dental fillings and implants.

FOur-VeSSel cereBrAl ArteriOgrAPhy

This invasive procedure can provide additional details to influ-
ence the decision to proceed with surgery. The two groups of 
patients that derive greatest benefit from CEA (compared with 
medical therapy)—those with either ulcerative lesions or syn-
chronous intracranial artery stenoses—are best identified by 
angiography. Both of these circumstances occur in 20% to 50% 
of patients with extracranial carotid disease.

Another important limitation of noninvasive diagnostic 
imaging methods is the difficulty in distinguishing between sub-
total and total occlusion. Patients who have even a small channel 
of flow through the internal carotid artery (string sign) are still 
candidates for surgical or endovascular therapy, whereas com-
plete occlusions are best treated medically (see Chapter 48). 
Finally, angiography provides superb delineation of collateral 
blood flow, particularly in the setting of occlusive disease. Cath-
eter-related risks include puncture site and catheter-related 
complications, such as vessel dissection and stroke. Iodine-
related contrast allergies can be pretreated with steroids, anti-
histamines, and histamine-2 inhibitors.

rEnal arTEry sTEnosis

Clinical Presentation

See Chapter 47 for a discussion of the clinical presentation of 
renal artery stenosis.

Diagnostic Approach

The objectives of noninvasive evaluation of renovascular  
disease are to determine the location and severity of renal arte-
rial lesions and to assess the functional significance of these 
stenoses. Four methods of noninvasive imaging can provide 
useful information in evaluating the renal arteries: (1) the 
nuclear medicine captopril renal scan, (2) Doppler ultrasound 
imaging, (3) MRA, and (4) CTA. Each method varies in the 
degree of specificity and sensitivity. DSA is an invasive tech-
nique and carries the same risk as other forms of angiography. 
Angiography is generally required only if revascularization is 
being considered.

Evaluation for renal artery stenosis should be based on the 
clinical index of suspicion of disease, as outlined in Figure 45-4.

cAPtOPril renAl ScAn

In patients with functionally significant renal artery stenosis, 
high levels of angiotensin II maintain glomerular filtration and 

renal blood flow. Administration of captopril causes an abrupt 
decrease in filtration pressure in the ischemic kidney, resulting 
in reduced uptake of 99Tc-DTPA or delayed secretion of 131I-
hippurate or 99Tc-MAG3. Captopril renography is an accurate 
diagnostic technique in patients with a moderate likelihood of 
renovascular hypertension and normal renal function, with sen-
sitivities and specificities approaching 90%. It is less reliable, 
however, in patients with a creatinine concentration greater 
than 2.0 mg/dL or in patients with bilateral renal artery stenosis 
(Fig. 45-5). Often a non-captopril study is performed initially. 
The oral administration of captopril adds to the length of the 
examination.

dOPPler ultrASOnOgrAPhy

In selected centers, Doppler ultrasonography is the preferred 
method of detection of changes in renal arterial flow character-
istics and detection of significant renal arterial stenoses. Doppler 
ultrasonography is a highly sensitive and specific technique. 
Doppler indices of structural alterations of the renal microvas-
culature (resistive index and pulsatility index) are, in addition, 
predictors of the blood pressure response to revascularization. 
Although technical advances have significantly enhanced the 
diagnostic accuracy of this technique, it remains operator-
dependent and is not sensitive in detecting disease in accessory 
renal arteries.

mAgnetic reSOnAnce AngiOgrAPhy

Contrast-enhanced MRA provides excellent images of the main 
renal arteries, perirenal aorta, and mesenteric vasculature; 
however, evaluation of smaller accessory renal arteries is less 
accurate. It is a useful technique in patients with mild renal 
insufficiency in whom iodinated contrast is contraindicated or 
for follow-up to reduce the amount of radiation exposure. The 
examination is operator- and software-sensitive, since spatial 
resolution may be limited. Stents (from prior treatment of renal 
artery stenosis or aneurysm) result in significant imaging arti-
facts, essentially precluding the use of this technique.

cOmPuted tOmOgrAPhic AngiOgrAPhy

Multidetector CTA visualizes the main and segmental renal 
arteries and accessory vessels in three dimensions and is highly 
accurate in detecting anatomic stenoses. The examination 
requires iodinated contrast medium and is contraindicated in 
patients with impaired renal function. Of the four examinations 
listed, CTA offers the most reproducible method of determin-
ing renal artery anatomy and is readily available to most 
clinicians.

digitAl SuBtrActiOn AngiOgrAPhy

DSA is reserved for situations of inconclusive noninvasive exam-
inations and when intervention is being considered. Flat-panel 
DSA provides high-resolution imaging of the main and acces-
sory renal arteries and of the adjacent aorta and mesenteric 
arteries. An examination can be performed with limited contrast 
volume and in an outpatient setting.



Figure 45-5 Abnormal captopril renal scan and angiogram in a patient with renal artery stenosis. *left kidney; **right kidney.
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Uptake and excretion of 99Tc-MAG3, given IV, by the left and right kidney before (A) and after (B) oral 
administration of 50 mg of captopril. Slow uptake and no excretion of the radiopharmaceutical, suggesting 
functionally significant stenosis of the left renal artery is shown in B. A high-grade atherosclerotic stenosis of 
the left renal artery with poststenotic dilation in the same patient is shown in C. The right renal artery is normal. 
Note the atherosclerotic changes of the abdominal aorta.
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Figure 45-4 Algorithm for evaluating patients in whom renal artery stenosis is suspected. (From Safian rd, textor Sc. medical 
progress: renal-artery stenosis. N Engl J Med. 2001;344:431–442.)
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abDominal aorTic anEurysms

Clinical Presentation

Abdominal aortic aneurysm (AAA) rupture is an important cause 
of unheralded deaths in individuals above the age of 55 years. 
Although atherosclerotic changes accompany almost all AAAs, 
classic coronary risk factors seem to be less predictive for this 
disease, and abnormal collagen, elastin, matrix metalloprotein-
ases, and inflammatory changes causing vessel wall weakness 
seem to have important contributory roles.

Diagnostic Approach

The best independent predictor of rupture rate is maximal aneu-
rysm diameter. Elective surgical or endovascular treatment is 
therefore contingent on accurate measurements and is recom-
mended for AAAs 5 cm or greater in diameter, or for aneurysms 
greater than 4 cm that are enlarging at a rate of 0.5 cm or more 
per year.

ultrASOnOgrAPhy

Two-dimensional ultrasonography allows detection (>95% 
sensitivity) of a suspected AAA. The broad availability and 
reproducibility of ultrasonography make it an ideal method  
for serial follow-up. Obesity, excessive bowel gas, and recent 
abdominal surgery can limit examinations. The superior  
(thoracic) and inferior (iliac) extension of the AAA and concomi-
tant involvement of visceral or renal arteries are difficult to 
determine via ultrasound, and thus diagnosis may require alter-
native imaging.

cOmPuted tOmOgrAPhy AngiOgrAPhy And 
mAgnetic reSOnAnce AngiOgrAPhy

CTA and MRA provide information about the aortic wall and 
luminal diameter and delineate the presence and quantity  
of thrombi. They both provide detail about surrounding abdom-
inal structures and their relation to the AAA. The occasional 
finding of perianeurysmal fibrosis, venous anomalies (e.g.,  
retroaortic left renal vein, circumaortic venous collar), or  
horseshoe kidney is important for surgical planning. Further-
more, aortic neck length, aneurysm angulation, superior and 
inferior extension, and involvement of the adjacent visceral and 
renal arteries offer additional information. Volumetric data fol-
lowing AAA repair can be performed with 3D software (Figs. 
45-6 and 45-7).

AngiOgrAPhy

DSA provides high spatial resolution of the lumen of the  
aorta and other vessels and defines anomalies and aberrant 
vessels. It is a poor method for assessing AAA size (because 
laminated flow or mural thrombus may give the false arterio-
graphic impression of normal luminal diameter) and is unable 
to image the outer diameter of the aorta. Angiography is impor-
tant, however, if mesenteric or renal artery stenosis is suspected 
and if pre-endograft vessel embolization or stent placement is 
necessary.

FuTurE DirEcTions

Dramatic developments in noninvasive imaging techniques have 
revolutionized the evaluation of patients with PVD, and 

BA

(A) 3D CT volumetric reconstruction: Saccular infrarenal AAA extending to the
bifurcation.  (B) Volumetric reconstruction of abdominal aorta. AAA with dissection
involving the superior mesenteric artery and right common iliac artery.

Figure 45-6 Three-dimensional (3D) CT volumetric reconstruction. AAA, abdominal aortic aneurysm.
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Figure 45-7 Rotational CT reconstruction. 3d, three-
dimensional; SFA, superficial femoral artery.

B CA

Rotational CT reconstruction. (A) Oblique in-line reconstruction of external
iliac and proximal SFA. Noncalcified vessel with mild proximal SFA
stenosis (arrow). (B) Diffuse SFA calcified plaque. (C) 3D volumetric
reconstruction of the lower extremities: occluded bilateral anterior and
posterior tibial arteries. 

angiography is generally not necessary unless an intervention is 
anticipated. Technical advances in CTA, MRA, and other 
methods will undoubtedly further improve image quality, and 
clinical research will better define the roles of these techniques 
in patient evaluation. CTA scanners with 128 or more detectors 
and MRI scanners functioning at 7 Tesla or greater will redefine 
noninvasive imaging capabilities. Noninvasive methods and 
devices have been developed to evaluate global, regional, or 
local indices of vessel wall stiffness. Most use one of three 
methods: measurement of pulse transit time, analysis of the 
arterial pulse contour, or direct measurements of vascular diam-
eter change and distending pressure. High-frequency B-mode 
ultrasound can identify the lumen-intima and media-adventitia 
interfaces of arteries, permitting quantification of the thickness 

of the intima and the media, the two layers of the arterial wall 
involved in atherosclerosis. Methodologies that provide not 
only anatomic information but also assessments of the func-
tional significance of vascular lesions, such as MR spectroscopy, 
will be valuable in guiding therapy. Finally, techniques to refine 
the risk stratification provided by evaluation of traditional PVD 
risk factors may help to identify patients most likely to benefit 
from aggressive therapies.
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Hypertension

Alan L. Hinderliter and Romulo E. Colindres

H ypertension is a major risk factor for atherosclerotic car-
diovascular disease (Box 46-1). Despite advances in the 

understanding of the pathophysiology, epidemiology, and 
natural history of hypertension, as well as improvements in 
therapy, many patients with hypertension are undiagnosed or 
inadequately treated. Hypertension, or high blood pressure 
(BP), remains an important contributor to coronary events, 
heart failure, stroke, and end-stage kidney disease.

BP is a continuous variable, and any BP level chosen to define 
hypertension is arbitrary. Nevertheless, an operational defini-
tion of hypertension has been advocated as a treatment guide-
line. The Seventh Joint National Committee on the Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure 
(JNC 7) recommended the classification of BP for adults shown 
in Table 46-1.

Approximately 50 million people in the United States  
have hypertension, and BP is controlled in only about one  
third. The percentage of patients with controlled hypertension 
is even lower in some other Western countries (i.e., Canada and 
England) and is less than 10% in developing countries—a disap-
pointing figure given the available medications and education of 
the public and physicians about the risks of high BP. Because 
hypertension is a worldwide problem and a major cardiovascular 
risk factor, its prevention and treatment should be high public 
health priorities.

Etiology and PatHogEnEsis

Hypertension is a disorder of BP regulation that results from  
an increase in cardiac output or, most often, an increase in  
total peripheral vascular resistance. Cardiac output is usually 
normal in essential hypertension, although increased cardiac 
output plays an etiologic role. The phenomenon of autoregula-
tion explains that an increase in cardiac output causes persis-
tently elevated peripheral vascular resistance, with a resulting 
return of cardiac output to normal. Figure 46-1 shows mecha-
nisms that can cause hypertension. Inappropriate activation  
of the renin-angiotensin system, decreased renal sodium  
excretion, and increased sympathetic nervous system activity, 
individually or in combination, are probably involved in  
the pathogenesis of all types of hypertension. Hypertension  
also has genetic and environmental causes, the latter including 
excess sodium intake, obesity, and stress. The inability of  
the kidney to optimally excrete sodium, and thus regulate  
plasma volume, leads to a persistent increase in BP whatever the 
etiology.

Many elderly patients with elevated BP have isolated  
systolic hypertension—a systolic pressure that exceeds 
140 mm Hg with a normal diastolic pressure. Stiffening of  
large arteries and increased systolic pulse wave velocity elevate 
systolic BP, increase myocardial work, and decrease coronary 
perfusion.

CliniCal PrEsEntation

Most patients with early hypertension have no symptoms attrib-
utable to high BP. However, long-term BP elevation often leads 
to hypertensive heart disease, atherosclerosis of the aorta and 
peripheral vessels, cerebrovascular disease, and chronic kidney 
disease.

Left ventricular hypertrophy (LVH) is the principal cardiac 
manifestation of hypertension. Increased left ventricular (LV) 
mass can be identified by echocardiography in nearly 30% of 
unselected hypertensive adults and in the majority of patients 
with long-standing, severe hypertension. LVH is more preva-
lent in males and more common in black individuals than in 
white individuals with similar BP values. Increasing age, obesity, 
high dietary sodium intake, and diabetes are also associated with 
cardiac hypertrophy.

Increased ventricular afterload resulting from elevated 
peripheral vascular resistance and arterial stiffness is considered 
the principal determinant of myocardial hypertrophy in patients 
with hypertension. Hemodynamic overload stimulates increases 
in myocyte size and the synthesis of contractile elements. Fibro-
blast proliferation and deposition of extracellular collagen 
accompany these cellular changes and contribute to ventricular 
stiffness and myocardial ischemia. A growing body of evidence 
suggests that angiotensin II and aldosterone, independent of 
pressure overload, stimulate this interstitial fibrosis (Fig. 46-2).

Clinical consequences of hypertensive heart disease include 
heart failure and coronary heart disease (CHD). More than 90% 
of patients with heart failure have hypertension, and data from 
the Framingham Heart Study suggest that high BP accounts for 
almost half of the population burden of this disorder. Treating 
hypertension reduces the risk of heart failure by nearly 50%. 
Heart failure develops because of the myocyte hypertrophy and 
ventricular fibrosis that characterize hypertensive LVH. As 
illustrated in Figure 46-3, the early functional manifestations of 
LVH include impaired LV relaxation and decreased LV compli-
ance. Although the ejection fraction is preserved initially, dia-
stolic dysfunction often results in increased filling pressures, 
leading to pulmonary congestion. This mechanism accounts for 
the symptoms observed in approximately 40% of hypertensive 
patients with heart failure. If excessive BP levels persist, myocyte 
loss and fibrosis contribute to ventricular remodeling and con-
tractile dysfunction. Compensatory mechanisms, including 
remodeling of the peripheral vasculature and activation of the 
sympathetic nervous and renin-angiotensin systems, accelerate 
the deterioration in myocardial contractility. Ultimately, 
decompensated cardiomyopathy and heart failure from systolic 
dysfunction develop (Fig. 46-4).

CHD is approximately twice as prevalent in hypertensive as 
in normotensive persons of the same age. CHD risk increases 
in a continuous and graded fashion with both systolic BP and 
diastolic BP. A reduction in diastolic BP of 5 mm Hg with drug 
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Box 46-1 Hypertension as a Risk Factor for 
Cardiovascular Disease

• High BP accelerates atherogenesis and increases the 
risk of cardiovascular events by two- to threefold.

• Levels of SBP and DBP are associated with 
cardiovascular events in a continuous, graded, and 
apparently independent fashion. This relation is closer 
for SBP than for DBP.

• Every 20-mm Hg increase in SBP above 115 mm Hg 
results in a doubling of mortality from CHD and stroke.

• Hypertension often occurs in association with other 
atherogenic risk factors, including dyslipidemia, 
glucose intolerance, and obesity.

• The association of hypertension with other 
cardiovascular risk factors increases the risk of 
cardiovascular events in a multiplicative rather than an 
additive fashion.

BP, blood pressure; CHD, coronary heart disease; DBP, diastolic 
blood pressure; SBP, systolic blood pressure.

table 46-1 Classification of Blood Pressure for 
Adults Aged 18 Years and Older

Category systolic (mm Hg) diastolic (mm Hg)

Normal <120 <80
Pre-hypertension 120–139 80–89
Hypertension
 Stage 1 140–159 90–99
 Stage 2 ≥160 ≥100

With permission from Chobanian VA, Bakris GL, Black AR, et al. The 
seventh report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure: The 
JNC 7 report. JAMA. 2003;289:2560–2572.

Figure 46-1 Factors involved in the control of blood pressure. CO, cardiac output; PR, peripheral resistance. With permission from 
Kaplan NM. Kaplan’s Clinical Hypertension. 8th ed. Philadelphia: Lippincott Williams & Wilkins; 2002.
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therapy decreases the incidence of myocardial infarction (MI) 
by approximately 20%. Multiple factors contribute to the 
enhanced risk of CHD associated with high BP: atherosclerotic 
narrowing of epicardial coronary arteries is accelerated; coro-
nary arteriolar hypertrophy, reduced myocardial vascularity 
(rarefaction), and perivascular fibrosis limit coronary arterial 
flow reserve and predispose the left ventricle to ischemia; and 
impaired coronary endothelial function increases coronary tone. 
MI and chronic ischemia contribute to LV dysfunction, increas-
ing the risk of heart failure and cardiovascular death.

diFFErEntial diagnosis

Approximately 95% of patients with elevated arterial pressure 
have hypertension of unknown etiology, known as essential 
hypertension. The remaining 5% have an identifiable cause of 
secondary hypertension (Box 46-2). Although relatively few 
patients have secondary hypertension, identification of these 
patients is important, because the hypertension can often be 
cured or significantly ameliorated by an interventional proce-
dure, a specific drug therapy, or stopping a culprit drug.

Identifiable causes of hypertension should be sought in the 
initial history, physical examination, and laboratory studies. 
Further diagnostic evaluation for secondary hypertension causes 
is pursued when the presentation is atypical for essential hyper-
tension or when the initial evaluation suggests an identifiable 
cause (Box 46-3).
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Figure 46-2 Myocardial fibrosis. ACE, angiotensin-converting enzyme; ACE-I, angiotensin-converting enzyme inhibitor; 
ANG I, angiotensin I; ANG II, angiotensin II.
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Objectives of the initial evaluation of a hypertensive patient 
include confirmation of the presence of hypertension, evalua-
tion of the presence and extent of target organ disease, identi-
fication of cardiovascular risk factors and coexisting conditions 
that influence prognosis and therapy, and exclusion or detection 
of identifiable causes of elevated BP. These goals can usually be 
achieved with a comprehensive history, a thorough physical 
examination, and selected laboratory studies (Box 46-4).

Detection and diagnosis of hypertension begin with the  
accurate measurement of BP. Measurements should be acquired 
at each encounter, with follow-up determinations at intervals 
based on the initial level. Accurate equipment and proper  

Box 46-2 Identifiable Causes of Hypertension

Renal
Renal parenchymal disease
Renal vascular disease

Endocrine
Hypo- or hyperthyroidism
Adrenal disorders
Primary hyperaldosteronism
Cushing’s syndrome
Pheochromocytoma

Exogenous hormones
Glucocorticoids
Mineralocorticoids
Sympathomimetic agents
Erythropoietin

Coarctation of the aorta
Sleep apnea
Neurologic disorders

Elevated intracranial pressure
Quadriplegia

Acute stress
Perioperative
Hypoglycemia
Alcohol withdrawal

Drugs and medications
Alcohol
Cocaine
Nicotine
Nonsteroidal anti-inflammatory agents
Immunosuppressive agents (cyclosporine, tacrolimus)

Box 46-3 Indications for Considering Testing for 
Identifiable Causes of Hypertension

• Onset of hypertension at age younger than 20 years or 
onset of diastolic hypertension at age older than 50 
years

• Target organ damage at presentation
Serum creatinine concentration >1.5 mg/dL
LV hypertrophy determined by electrocardiography

• Presence of features indicative of secondary causes
Hypokalemia
Abdominal bruit
Labile pressures with tachycardia, sweating,  

and tremor
Family history of kidney disease

• Poor response to generally effective therapy

LV, left ventricular.



400 SECTION VII • Vascular Diseases

Hypertension Increased resistance results 
in increased afterload and 
decreased RBF.
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Figure 46-3 Hypertension and heart failure (HF). ANP, atrial natriuretic peptide; AVP, arginine vasopressin; ECF, extracellular fluid; 
GFR, glomerular filtration rate; RBF, renal blood flow.

technique, as described in Box 46-5, are critical. In many 
patients, measurement of BP outside the clinic is helpful in 
establishing a diagnosis of hypertension and in assessing the 
response to therapy. The availability of reliable and relatively 
inexpensive oscillometric monitors has made it possible for 
patients to regularly check their BPs at home. Home readings 
acquired in a standardized fashion (Box 46-6) are more repro-
ducible, correlate more closely with target organ damage, and 
are more predictive of cardiovascular events than office BP 
measurements. In selected patients, 24-hour ambulatory BP 
monitoring is useful, especially in those with large differences 

between office and home measurements, those with home BP 
measurements that are equivocal, and those with marked BP 
lability.

ManagEMEnt and tHEraPy

Optimum Treatment

The principal goal of hypertension treatment is to reduce  
the risk of cardiovascular morbidity and death. The treatment 
approach is determined by the absolute risk of a cardiovascular 
event based on the presence of major cardiovascular risk  
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Figure 46-4 The development of heart failure (HF) in patients 
with hypertension. LV, left ventricular; LVH, left 
ventricular hypertrophy; MI, myocardial infarction. 
Adapted from Vasan RS, Levy D. The role of 
hypertension in the pathogenesis of heart failure. 
A clinical mechanistic overview. Arch Intern Med, 
1996:156:1789–1796.
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factors, clinical cardiovascular disease, and target organ damage. 
In patients at highest risk—especially those with diabetes  
or chronic kidney disease—pharmacologic therapy should be 
considered when BP is mildly elevated or in the upper pre-
hypertension range, with a goal value of less than 130/80 mm Hg. 
Lower-risk patients may benefit from a period of observation 
and lifestyle modification, using medical therapy if the average 
systolic BP (SBP) exceeds 140 mm Hg or if the diastolic BP 
(DBP) exceeds 90 mm Hg over months of monitoring.

Lifestyle modifications are an important component of 
therapy for high BP. All patients with hypertension, high- 
normal BP, or a strong family history of hypertension should 
be encouraged to adopt the measures outlined in Box 46-7. 
These lifestyle changes are proven to lower BP and may reduce 
the need for drug therapy, enhance the effectiveness of antihy-
pertensive drugs, and favorably influence other cardiovascular 
risk factors. Other measures, including smoking cessation and 
reduced intake of saturated fats, may further reduce cardiovas-
cular risk.

Pharmacologic treatment of hypertension reduces the inci-
dence of heart failure, stroke, and MI and decreases mortality 
rate from cardiovascular causes in middle-aged and older adults. 
Drug therapy is indicated if lifestyle modifications do not bring 
BP into the desired range within a reasonable period of time. 
Thiazide diuretics, angiotensin-converting enzyme (ACE) 
inhibitors, angiotensin-receptor blockers (ARBs), and calcium 
antagonists are appropriate first-line agents. β-adrenergic recep-
tor blockers are less effective in preventing strokes and more 
likely to exacerbate the tendency of an individual to develop 
new-onset diabetes than alternative agents; they are no longer 
preferred for initial therapy of uncomplicated hypertension in 
the elderly. In many patients, the choice of a drug is influenced 
by comorbid conditions. Table 46-2 lists agents that are pre-
ferred or relatively contraindicated in specific circumstances.

Many patients with hypertension have established cardiovas-
cular disease, and their treatment regimen should include medi-
cations that control symptoms, retard disease progression, and 
prevent cardiovascular events. Treatment strategies for patients 
with ischemic heart disease or heart failure are addressed in 

Chapters 12 and 23. In brief, β-blockers and ACE inhibitors 
mitigate symptoms and prolong survival in patients with CHD 
or LV dysfunction. ARBs are an effective alternative in patients 
with heart failure who cannot tolerate ACE inhibitors. Aldoste-
rone antagonists are beneficial in patients with LV systolic dys-
function or a history of MI. Calcium antagonists are useful 
adjuncts in patients with angina or hypertension that cannot be 
controlled by β-blockers and ACE inhibitors. The optimal 
therapy for patients with heart failure but a normal ejection 
fraction is not well established and is under investigation; agents 
that treat LV systolic dysfunction seem to be useful. Lowering 
BP with any of the first-line therapy drugs leads to LVH 
regression.

Box 46-4 Appropriate History, Physical 
Examination, and Laboratory Tests

Comprehensive History

• Assessment of the duration and severity of elevated BP 
and the results of prior medication trials

• Evaluation for the presence of diabetes, 
hypercholesterolemia, tobacco use, and other 
cardiovascular risk factors

• Identification of a history or symptoms of target 
organ disease, including CHD and heart failure, 
cerebrovascular disease, peripheral vascular disease, 
and renal disease

• Assessment of symptoms indicating identifiable causes 
of hypertension

• Identification of the use of drugs or substances that 
may raise BP

• Evaluation of lifestyle factors (such as diet, leisure-time 
physical activity, and weight gain) that may influence 
BP control

• Assessment of psychosocial and environmental factors, 
such as family support, income, and educational level, 
that influence the efficacy of antihypertensive therapy

• Identification of family history of hypertension or CVD

Physical Examination

• Careful measurement of BP
• Measurement of height and weight
• Funduscopic examination for hypertensive retinopathy
• Examination of the neck for carotid bruits, elevated 

jugular venous pressure, and thyromegaly
• Examination of the heart for abnormalities of the apical 

impulse or the presence of extra heart sounds or 
murmurs

• Examination of the abdomen for bruits, enlarged 
kidneys, and other masses

• Examination of the extremities for diminished arterial 
pulsations or peripheral edema

laboratory studies

• Complete blood count
• Serum concentrations of potassium, calcium, creatinine, 

thyroid-stimulating hormone, fasting glucose, 
triglycerides, total cholesterol, HDL-C, and total LDL-C

• Urinalysis for blood, protein, glucose, and microscopic 
examination

• Electrocardiography

BP, blood pressure; CHD, coronary heart disease; CVD, 
cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; 
LDL-C, low-density lipoprotein cholesterol.



402 SECTION VII • Vascular Diseases

Box 46-5 Measurement of Blood Pressure in 
the Clinic

• Measurements should be made by a trained provider 
with a mercury sphygmomanometer, a calibrated 
aneroid sphygmomanometer, or a validated 
oscillometric device with an appropriately sized cuff.

• The patient should be seated for 5 minutes with the 
feet on the floor and the arm at heart level.

• Caffeine, exercise, and smoking should be avoided for 
at least 30 minutes.

• The cuff should be inflated to 20 to 30 mm Hg above 
SBP and deflated at a rate of approximately 2 mm Hg 
per second.

• The onset of phase 1 and phase 5 Korotkoff sounds 
should be used to define SBP and DBP.

• At least two measurements should be made and the 
results averaged.

• Standing BP should be measured in older patients and 
in patients with postural symptoms.

BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic 
blood pressure.

Box 46-6 Home Blood Pressure Monitoring

• Validated oscillometric monitors that measure BP in the 
upper arm with a cuff of the appropriate size should 
be used for home monitoring.

• Two to three readings should be taken after resting in 
the seated position for longer than 5 minutes, both in 
the morning and in the evening, over the course of a 
week.

• At least 12 readings should be acquired for making 
clinical decisions; average systolic and diastolic BPs 
should be calculated.

• The target average home BP is <135/85 mm Hg in 
uncomplicated hypertension and <130/80 mm Hg in 
high-risk patients.

• Ambulatory BP monitoring may be helpful if there are 
large differences between office and home 
measurements, if home BP measurements are 
equivocal, or if BP is markedly labile.

BP, blood pressure.

Aliskiren, the first representative of a new class of drugs, the 
direct renin inhibitors, was recently approved for clinical use. 
This agent is well tolerated and effective in lowering BP. 
Whether it offers unique benefits in target organ protection will 
be evaluated in future clinical trials.

The optimal target BP in patients with isolated systolic 
hypertension and chronic ischemic heart disease is controver-
sial. In general, lower values of systolic BP are associated with 
better outcomes. Myocardial perfusion occurs almost exclu-
sively in diastole, however, and excessive lowering of diastolic 
BP in patients with obstructive coronary disease could theoreti-
cally result in ischemia and increase the risk of coronary events. 
Several studies have suggested a J-shaped relationship between 
DBP and coronary risk, with an increase in events as DBP is 
lowered below 80 mm Hg. These observations have led some 
experts to caution against aggressive BP lowering in patients 
with isolated systolic hypertension and ischemic heart disease.

In general, therapy should be initiated at low doses to  
minimize side effects. Based on patient response, the dose of  
the initial agent can be slowly titrated upward, or a small  
dose of a second agent can be added. Most patients with hyper-
tension require multiple drugs for optimal BP control. Effective 
drug combinations use medications from different classes and 
result in additive BP-lowering effects, while minimizing dose-
dependent adverse effects. Thiazide diuretics potentiate the 
effect of β-blockers, ACE inhibitors, and ARBs. Other useful 
combinations include dihydropyridine calcium antagonists and 
β-blockers, and calcium antagonists and ACE inhibitors. Long-
acting formulations with 24-hour efficacy are preferred over 
shorter-acting agents because of greater patient adherence to 
once-daily dosing regimens and more consistent BP control 
throughout the day.

Prevention of cardiovascular morbidity and death is usually 
achieved with slow, gradual reduction of BP, maintained over 
many years. Urgent reduction of BP with intravenous medica-
tions, however, is necessary in patients with malignant hyper-
tension (Table 46-3).

Lowering blood pressure is but one mechanism by which 
cardiovascular risk can be reduced in hypertensive patients. Irre-
spective of baseline cholesterol levels, statin therapy is effective 
in reducing the incidence of MI and stroke. Low-dose aspirin 
also reduces the risk of cardiovascular events.

Avoiding Treatment Errors

• Institute lifestyle modifications as the first step for the treat-
ment of hypertension, and continue these measures if drug 
therapy is ultimately required.

• Include a thiazide diuretic in the medication regimens of 
patients requiring a combination of antihypertensive drugs.

• Monitor for the metabolic effects of antihypertensive 
medications.

• Look for an orthostatic fall in BP in older patients and in 
those suspected of having autonomic dysfunction, such as 
subjects with long-standing diabetes mellitus; titrate antihy-
pertensive medication to avoid an excessive fall in BP in the 
standing position.

Box 46-7 Lifestyle Modifications for Prevention 
and Treatment of Hypertension

• Weight loss if overweight. All overweight hypertensive 
patients should be enrolled in a monitored weight 
reduction program.

• Moderation of alcohol intake. Patients with high blood 
pressure who drink alcohol should be counseled to 
limit their daily intake to 1 oz alcohol for men and 
0.5 oz for women.

• Regular aerobic physical activity. Sedentary individuals 
should be encouraged to engage in regular aerobic 
exercise.

• Dietary restrictions. Adequate intake of potassium 
(>90 mmol/day) from fruits and vegetables and of 
calcium from low-fat dairy products and moderate 
reduction in sodium intake (<100 mmol [2.5 g]/day) 
are recommended.
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table 46-3 Agents Used for Intravenous Drug 
Therapy of Hypertensive Emergencies

agent Use

Nitroprusside Preferred agent in most instances except 
acute coronary syndromes or pregnancy. 
Should be combined with a β-blocker in 
some instances, such as acute aortic 
dissection.

Nitroglycerin Use in combination with a β-blocker for 
acute coronary syndromes.

Labetalol Use as adjunctive therapy with 
nitroprusside or nitroglycerin. Use alone 
in less intensely monitored situation or 
treatment of postoperative hypertension.

Enalaprilat Use for sclerodermal crisis or as adjunctive 
therapy in some high-renin states.

Hydralazine May use for treatment of preeclampsia and 
eclampsia

Fenoldopam Same indication as for nitroprusside. Useful 
in postoperative or postprocedure 
hypertension in closely monitored 
situations.

Esmolol Use in case of need for immediate, very 
short-acting β-blocker effect. Use for 
supraventricular tachycardia.

• Avoid sudden withdrawal of certain antihypertensive medica-
tions such as β-blockers and clonidine to prevent acute coro-
nary syndromes or rebound hypertension.

• Avoid ACE inhibitors, ARBs, and renin inhibitors in pregnant 
women.

• Avoid overtreatment of subjects with the “white coat” effect 
and undertreatment of patients with “masked hypertension” 
by utilizing home BP monitoring to assess the adequacy of 
therapy.

FUtUrE dirECtions

Future research and public health initiatives should more  
accurately define treatment thresholds and optimal target BP  
in patients at high risk of cardiovascular events, including  
elderly individuals, patients with diabetes mellitus, and patients 
with ischemic heart disease; determine the agents most useful 
in alleviating symptoms and improving longevity in patients 
with hypertension and heart failure with preserved LV systolic 
function; develop more effective drugs for treating elderly indi-
viduals with isolated systolic hypertension; and provide better 
strategies to improve patient awareness and compliance with 
lifestyle modifications and medication regimens.

additional rEsoUrCEs

British Hypertension Society [home page on the Internet]. Available at: 
<http://www.bhsoc.org>; Accessed 05.03.10.

Through this website the British Hypertension Society provides a medical and sci-
entific research forum to permit sharing of clinical information on hypertension 
management. Included is information regarding cutting-edge research in the field, 
ongoing clinical trials, and important recent publications. Also reviews recent guide-
lines, such as the partial update of the U.K. National Institute of Clinical Excellence 
and British Hypertension Society’s Guidelines for Management of Hypertension in 
Adults published in June 2006. Reviews the most recent clinical trials of hyperten-
sion treatment in a brief but comprehensive manner.

Kaplan NM. Kaplan’s Clinical Hypertension. 9th ed. Philadelphia: Lippincott 
Williams & Wilkins; 2006.

This thorough, detailed, yet succinct, eminently readable textbook on clinical hyper-
tension reflects the vast clinical experience and wisdom of the author and offers 
current references on all topics.

U.S. Department of Health and Human Services, National Heart, Lung and 
Blood Institute. National High Blood Pressure Education Program. Avail-
able at: <http://www.nhlbi.nih.gov./about/nhbpep/index.htm>; Accessed 
05.03.10.

The National High Blood Pressure Education Program provides valuable educa-
tional information on hypertension for health care providers and the public. All of 
the reports, guidelines, and publications sponsored by the program are available. 
Educational materials such as slides, tables, and graphs can be downloaded. Some 
materials are available in Spanish.

EvidEncE

The ALLHAT Officers and Coordinators for the ALLHAT Collabora-
tive Research Group. Major outcomes in high-risk hypertensive patients 
randomized to angiotensin-converting enzyme inhibitor or calcium 
channel blocker vs. diuretic: The Antihypertensive and Lipid-Lowering 
treatment to prevent Heart Attack Trial (ALLHAT). JAMA. 2002;
288:2981–2997.

This is the largest double-blind trial undertaken in hypertensive patients and 
strongly influenced the recommendations of JNC 7. The trial compared treat-
ment with amlodipine or lisinopril with a reference drug chlorthalidone and 
found no advantage of newer drugs over a thiazide-type diuretic in preventing 
fatal CHD or nonfatal MI.

Blood Pressure Lowering Treatment Trialists’ Collaboration. Effects of 
different blood-pressure-lowering regimens on major cardiovascular 

table 46-2 Choice of Antihypertensive Agent Based 
on Coexistent Illness

specific drugs

indications
Diabetes mellitus ACE-I or ARB
Heart failure ACE-I or ARB, β-blocker, 

diuretic, aldosterone 
antagonist

Myocardial infarction ACE-I or ARB, β-blocker, 
aldosterone antagonist

Chronic coronary heart 
disease

ACE-I or ARB, β-blocker

Chronic kidney disease ACE-I or ARB

Contraindications
Pregnancy ACE-I, ARB, direct renin 

inhibitor
Chronic kidney disease* Potassium-sparing agent
Peripheral vascular disease* β-blocker
Gout* Thiazide diuretic
Depression* β-blocker, central α–agonist
Reactive airway disease* β-blocker
Second- or third-degree 

heart block
β-blocker, non-dihydropyridine 

calcium antagonist
Hepatic insufficiency Labetalol, methyldopa

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin-
receptor blocker.

* Relative contraindication.
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events: results of prospectively-designed overviews of randomized trials. 
Lancet. 2003;362:1527–1535.

This set of prospectively designed overviews with data from 29 randomized 
trials examines the comparative effects of different BP-lowering regimens and 
the benefits of targeting lower BP goals on the risk of major cardiovascular 
events and death. The overall conclusion is that treatment with any commonly 
used regimen reduces the risk of major cardiovascular events, and that larger 
reductions in BP produce larger reductions in risk.

Chobanian AV, Bakris GL, Black HR, et al, and the National High 
Blood Pressure Education Program Coordinating Committee. Seventh 
report of the Joint National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood Pressure: JNC 7—Complete 
Version. Hypertension. 2003;42:1206–1252.

Provides a comprehensive guideline for hypertension prevention and manage-
ment and is a “must read” for all physicians who treat patients with high BP. 
Differences from previous reports include an emphasis on SBP as a cardiovas-
cular disease risk factor and introduction of the classification “pre-hypertension.” 
Thiazide-type diuretics are recommended for most patients with uncomplicated 
hypertension, either alone or combined with drugs from other classes.

Dahlof B, Sever PS, Poulter NR, et al, for the ASCOT Investigators. 
Prevention of cardiovascular events with an antihypertensive regimen of 
amlodipine adding perindopril as required versus atenolol adding  
bendroflumethiazide as required, in the Anglo-Scandinavian Cardiac 
Outcomes Trial-Blood Pressure Lowering Arm (ASCOT-BPLA): a 
multicentre randomised controlled trial. Lancet. 2005;366:895–906.

This large European study found an advantage of newer drugs (amlodipine ± 
perindopril, as required) over conventional BP-lowering therapy (atenolol ± 
bendroflumethiazide, as required) in reducing cardiovascular mortality. These 
results reinforced data from previous studies suggesting that β-blocker–based 
therapy is less effective than other first-line drugs in reducing cardiovascular 
events in older patients.

Pickering TG, Miller NH, Ogedegbe G, et al. Call to action on use and 
reimbursement for home blood pressure monitoring: a joint scientific 
statement from the American Heart Association, American Society of 
Hypertension, and Preventive Cardiovascular Nurses Association. 
Hypertension. 2008;52:10–29.

Position paper strongly advocating the use of home BP monitoring in the major-
ity of patients with known or suspected hypertension. Provides useful advice on 
how to acquire and interpret home BP data.

Rosendorff C, Black HR, Cannon CP, et al. Treatment of hypertension 
in the prevention and management of ischemic heart disease: a scientific 
statement from the American Heart Association Council for High Blood 
Pressure Research and the Councils on Clinical Cardiology and Epide-
miology and Prevention. Circulation. 2007;115:2761–2788.

Provides a comprehensive review of the epidemiology of hypertension and coro-
nary artery disease and of the mechanisms by which hypertension contributes to 
the development of atherosclerosis. Includes recommendations for primary pre-
vention of coronary disease in patients with hypertension and for management 
of hypertension in patients with chronic ischemic heart disease, acute coronary 
syndromes, and heart failure.

Sever PS, Dahlöf B, Poulter NR, et al, for the ASCOT Investigators. 
Prevention of coronary and stroke events with atorvastatin in hyperten-
sive patients who have average or lower-than-average cholesterol con-
centrations, in the Anglo-Scandinavian Cardiac Outcomes Trial-Lipid 
Lowering Arm (ASCOT-LLA): a multicentre randomised controlled 
trial. Lancet. 2003;361:1149–1158.

Demonstrates the value of a statin in reducing the risk of CHD and stroke in 
patients with hypertension.

Williams B, Poulter NR, Brown MJ, et al. Guidelines for management 
of hypertension: report of the fourth working party of the British Hyper-
tension Society, 2004—BHS IV: British Hypertension Society Guide-
lines. J Hum Hypertens. 2004;18:139–185.

This comprehensive guideline differs from the JNC 7 report in several impor-
tant respects. It recommends a more individualized threshold BP for treatment 
with medications, based on the presence of target organ damage, cardiovascular 
complications, diabetes, and estimated 10-year risk of cardiovascular disease. It 
recommends basing the choice of an initial BP-lowering drug on the age and 
ethnicity of the patient. ACE inhibitors, angiotensin receptor blockers, or 
perhaps β-blockers are recommended for young, non-black patients without 
compelling indications, while calcium antagonists or thiazide-like diuretics are 
recommended as first-line therapy for older or black patients.
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Renal Artery Stenosis

George A. Stouffer and Walter A. Tan

O bstructive disease in the renal arteries can decrease 
blood flow to the kidneys, which can result in activation 

of the renin-angiotensin system, hypertension, ischemic 
nephropathy, and other pathologic changes. Technologic 
advances, including intra-arterial stenting, have generated 
enthusiasm for revascularization as a treatment for hypertension 
and progressive renal dysfunction caused by renal artery stenosis 
(RAS). However, measurable beneficial outcomes (e.g., blood 
pressure improvement or stabilization of renal function) occur 
in only approximately 50% to 70% of patients who undergo 
successful revascularization, underlining the limited under-
standing of this disease and the importance of careful patient 
selection.

Etiology And PAthogEnESiS

The predominant cause of obstructive RAS is atherosclerosis 
(Fig. 47-1). The atherosclerotic process can involve the renal 
artery or the aorta, with disease of the latter affecting the ostium 
of the renal artery. Rarely, obstructive RAS is caused by fibro-
muscular dysplasia (FMD; <10% of cases of RAS).

FMD is a collection of vascular diseases characterized by 
intimal or medial hyperplasia. It is commonly bilateral and 
affects women more often than men. The middle and distal 
portions of the vessel are the most commonly involved sites, 
with a typical angiographic appearance of “beads on a string” 
(see Fig. 47-1). FMD can cause hypertension but rarely leads to 
major loss of renal function, although progressive renal impair-
ment has been described in smokers with FMD.

Regardless of its underlying pathologic cause, decreased 
renal perfusion results in compensatory activation of the renin-
angiotensin system (Fig. 47-2), which can cause systemic hyper-
tension, salt retention, and activation of the neurohormonal 
system. RAS also causes ischemic changes within the kidney 
(ischemic nephropathy) and increased systemic markers of oxi-
dative stress. Other pathologic effects have been postulated but 
not proven to result from RAS.

Natural History

Hemodynamically significant RAS is associated with an increased 
incidence of major adverse cardiovascular events including 
cardiac death, myocardial infarction, and stroke. In the Cardio-
vascular Health Study, a prospective, multicenter cohort study 
of Americans older than 65 years, the presence of renovascular 
disease as determined by duplex ultrasonography increased the 
risk of short-term adverse cardiovascular outcomes by approxi-
mately twofold. This risk persisted after controlling for coro-
nary artery disease risk factors and existing cardiovascular 
disease and was not dependent on the effects of increased blood 
pressure (BP). In other studies, 4-year survival was 57% in 
patients with severe RAS discovered incidentally at the time of 
cardiac catheterization and 74% in a multicenter study of 

patients undergoing percutaneous renal revascularization. In a 
single-center study of 748 patients with severe renal artery 
disease requiring percutaneous revascularization, 10-year sur-
vival was only 41%.

RAS is a progressive disease in which the rate of progression 
is a function of the disease severity and BP. Studies of patients 
with documented RAS have shown that progression of athero-
sclerotic disease in renal arteries occurs in approximately  
25% of patients at 1 year, 35% at 3 years, and 50% at 5 years. 
The rate of progression to total occlusion at 5 years has been 
reported to be approximately 10% in arteries with lesions less 
than 60% occlusion. In another study, in which the average 
stenosis at the time of enrollment was 72%, 16% of the patients 
randomly assigned to receive medical treatment had total occlu-
sion at 1 year.

CliniCAl PRESEntAtion

The vast majority of patients with hypertension have essential 
hypertension. Overall, renovascular disease is the etiology in 
0.5% to 2% of patients with hypertension (Fig. 47-3), but it is 
more common in patients who present with new-onset, severe 
hypertension. RAS is more common in white than in black 
individuals, and the prevalence increases with age. Clinical 
factors that increase the likelihood of RAS include age, recent 
onset or sudden worsening of hypertension, and the presence of 
an abdominal bruit. The prevalence of RAS is also higher in 
patients with atherosclerosis in other vascular beds. Hemody-
namically significant RAS is found in 6% to 23% of patients 
with hypertension who are undergoing cardiac catheterization. 
Significant RAS has been found in 10.4% of patients at autopsy 
after a cerebrovascular accident.

Atherosclerotic renovascular disease has been estimated to 
cause renal failure in 5% to 10% of Medicare patients starting 
dialysis for end-stage renal disease. The mortality in individuals 
with RAS and end-stage renal disease is staggering; survival 
rates reported at 2, 5, and 10 years are 56%, 18%, and 5%, 
respectively.

The American Heart Association Working Group for RAS 
has proposed that a grading classification for patients with RAS 
be used to facilitate trial design and reporting. Grade 1 is  
RAS plus no clinical manifestations (normal BP and renal  
function). Grade II is RAS plus medically controlled hyperten-
sion and normal renal function. Grade III is RAS plus uncon-
trolled BP, abnormal renal function, and/or evidence of volume 
overload.

diffEREntiAl diAgnoSiS

The primary entity in the differential diagnosis is essential 
hypertension (Chapter 46), although several other less common 
causes of hypertension must also be considered (see Fig. 
47-3). The point at which renal artery atherosclerosis becomes 



figure 47-1 Etiologies of renal artery disease likely to cause hypertension.
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variation in mural thickness, chiefly of media,
and aneurysmal evaginations (Verhoeff-Van
Gieson stain, �20)

figure 47-2 Renin-angiotensin system. BP, blood pressure. JG, juxtaglomerular.
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figure 47-3 Etiology of hypertension.

Essential
hypertension

Labile (intermittent)

Sustained (established)

Renal

Adrenal

Neurogenic

Coarctation 
of aorta

Toxemia of 
pregnancy

Other 
causes

Parenchymal renal disease

Occlusive vascular disease

Diastolic
hypertension

Systolic
hypertension

Cushing’s syndrome
Adrenogenital syndrome

Pheochromocytoma
Primary hyperaldosteronism

Brain tumor
Epilepsy
Increased intracranial pressure
Encephalitis
Ganglioneuroma
Tabes dorsalis

Diencephalic syndrome
Lead encephalitis
Bulbar poliomyelitis
Neuroblastoma
Transection of cord
Polyneuritis
Porphyria

Atherosclerotic obstruction of renal artery or branches
Fibromuscular hyperplasia of renal artery
Thrombotic obstruction of renal artery or branches
Embolic obstruction of renal artery or branches
Other diseases of renal artery (hypoplasia, inflammation, 
  pseudoxanthoma elasticum, etc.)

Glomerulonephritis
Chronic pyelonephritis
Diabetic nephropathy
Polycystic kidneys
Connective-tissue diseases
Gouty nephritis
Renal amyloidosis

Radiation nephritis
Tuberculosis
Hypernephroma
Other renal tumors
Perinephritis
Renal hematoma

Preeclampsia Eclampsia

Hypercalcemia  
  (hyperparathyroidism)
Oral contraceptives
Licorice ingestion

Amphetamines and other
   vasopressor drugs
Monamine oxidase inhibitors

Complete heart block
Aortic regurgitation
Patent ductus arteriosus
Thyrotoxicosis

Arteriovenous fistula
Severe anemia
Beriberi
Paget’s disease of bone

Arteriosclerosis of aorta
Coarctation of aorta

Caused mainly 
by decreased 
distensibility of 
aorta

Caused mainly 
by increased 
stroke volume 
of left ventricle



408 SECTION VII • Vascular Diseases

figure 47-4 Differential renin/aldosterone concentrations.
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physiologically significant and leads to increased BP and isch-
emic nephropathy is incompletely understood. Recognition of 
lesions that compromise blood flow to the kidney is essential to 
identify patients whose conditions will improve with renal revas-
cularization. This is especially important, because there is also 
a high rate of essential hypertension in patients with RAS.

There is as yet no consensus on how to identify significant 
RAS. In part this reflects that there is not a one-to-one correla-
tion with stenosis severity and favorable outcomes after the 
stenosis has been reduced by percutaneous interventions. 
Although many surrogates have been proposed, one well- 
controlled study found that the only clinical factors that pre-
dicted a beneficial BP response to renal artery revascularization 
were a preprocedure mean arterial pressure greater than 
110 mm Hg and bilateral RAS. Other studies have indicated 
that measurement of split-vein renin levels may be a means to 
determine who will benefit from renal artery revascularization 
(Fig. 47-4). A renal vein renin ratio of 1.5:1 correlates with BP 
improvement in some studies. Likewise, using captopril as a 
provocative agent coupled with nuclear imaging (scintigraphy) 
may be of value in identifying patients who will benefit from 

renal artery revascularization, with a sensitivity of approximately 
75% and a specificity of 90%.

Doppler ultrasonography, although technologically demand-
ing, is a promising technique. The measurement of a resistance 
index by Doppler can be used as a predictive tool. Patients with 
resistance index values greater than 80 show much poorer results 
(no improvement in BP, worsening renal function) after revas-
cularization than do patients whose values are less than 80. 
Recently, brain natriuretic peptide (BNP) has been investigated 
as a marker for predicting outcomes as well. In a study of 27 
patients undergoing renal artery intervention, there was a cor-
relation between baseline BNP levels and BP response to renal 
intervention. Initial BNP concentrations of less than 80 pg/mL 
predicted nonresponders (response defined as BP improvement 
to <140/90 mm Hg on same or less medications), with a nega-
tive predictive value of 100%.

There is general agreement that lesions ≥70% by angiogra-
phy are hemodynamically significant, whereas lesions ≤50% 
have no hemodynamic effect. The significance of lesions 
between 50% and 70% varies, leading some experts to advocate 
a measurement of translesional pressure gradients in these 
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Aortorenal angiogram. Beaded appearance of left 
renal artery is evidence of fibromuscular hyperplasia; 
aneurysm at bifurcation of right renal artery

1: Needle introduced 
into artery

2: Guide wire passed 
through needle

3: Needle withdrawn

4: Catheter introduced 
over wire

Selective left renal arteriogram. Multiple tumor 
vessels in lower pole of left kidney suggestive of 
highly vascular tumor (hypernephroma)

Seldinger technique for catheterization 
of femoral artery

Catheter introduced via femoral artery to desired
level of aorta and contrast medium injected,
which then flows into normal and accessory
renal arteries and possibly also into other aortic
branches (aortorenal angiography), or catheter
may be made to enter renal arteries for direct
injection (selective renal angiography)

figure 47-5 Aortorenal and selective renal angiography (transfemoral approach).

patients to determine hemodynamic significance. There are 
limited data correlating translesional gradients to clinical out-
comes, and there is no consensus on whether absolute systolic, 
peak systolic, or mean pressure should be used; whether the 
pressure should be measured during a resting or hyperemic 
state; and what level constitutes a lesion that would benefit from 
revascularization. Although not validated in large clinical studies 
or included in current guidelines, early work on renal fractional 
flow reserve (rFFR) has been promising in that it appears to have 
good predictive value relative to patient outcomes. rFFR is a 
proportional determinant of the severity of a stenosis by com-
paring the pressure distal to a stenosis with aortic pressure 
during hyperemia.

diAgnoStiC APPRoACh

The renal arteries can be visualized with arteriography, mag-
netic resonance angiography (MRA), and spiral CT. Arteriog-
raphy, the direct injection of contrast dye into the renal artery, 
remains the gold standard for identifying and quantifying 
obstructive lesions (Fig. 47-5). MRA and spiral CT are nonin-
vasive methods with excellent sensitivity and good, but not 
optimal, specificity for identifying RAS.

MAnAgEMEnt And thERAPy

Optimum Treatment

RENAl ARTERy REVASCulARIzATION

Renal artery obstructive disease can be treated by either surgical 
or percutaneous approaches. Surgical renal artery revasculariza-
tion generally involves aortorenal bypass (with use of a hypo-
gastric artery, a saphenous vein, or polytetrafluoroethylene 
grafts), ileorenal, splenorenal (for left RAS), or hepatorenal (for 
right RAS) approaches (Fig. 47-6). Results of surgical renal 
artery revascularization show operative mortality rates of 2% to 
6%, with improvement of hypertension observed in 79% to 
95% of patients. With advances in percutaneous revasculariza-
tion, surgical renal artery revascularization is rarely used and 
mainly reserved for patients with severe aortic disease that 
requires treatment.

Percutaneous balloon angioplasty for RAS, first reported by 
Gruentzig and colleagues in 1978, has resulted in varying rates 
of improvement in hypertension (36% to 100% of patients in 
uncontrolled studies) (Fig. 47-7). Success rates with balloon 
angioplasty are better for nonostial as opposed to ostial stenoses. 
Restenosis has been reported in 10% to 47% of cases.
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figure 47-6 Renal revascularization.
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Careful assessment of the significance of a renal artery lesion 
is key to obtaining reductions in BP. One study often cited in 
this regard randomized 106 patients with hypertension and a 
renal artery lesion of 50% stenosis or greater; there were no 
significant differences in average BP between patients treated 
with medical therapy and patients treated with balloon angio-
plasty at 1 year in an intention-to-treat analysis. Criticism of 
this study included the lack of physiologic evaluation of the 
significance of the RAS, the high crossover rate from the medical 
group to the balloon angioplasty group (>40%), and the conclu-
sion that the treatments had equal efficacy, even though 68% of 
the angioplasty group had reduced BP as opposed to 38% of the 
medical therapy group.

Percutaneous intervention is generally preferred over medical 
management in patients with FMD, because it reduces hyper-
tension in approximately 75% of patients. Balloon angioplasty 
is successful in 82% to 100% of patients, with restenosis in 10% 
to 11%.

Stenting has been advocated as the preferred percutaneous 
treatment for RAS, especially when the lesion is ostial (Fig. 
47-8). The use of stenting, as opposed to balloon angioplasty, 
is associated with higher rates of technical success and lower 
rates of restenosis. Procedural success rates are generally greater 
than 95%, with long-term angiographic patency rates of  
86% to 92%. Major complications occur in approximately 2% 
of patients and include parenchymal perforation, cholesterol 
emboli, embolized stents, and aortic dissection.

INDICATIONS fOR REVASCulARIzATION IN 
ATHEROSClEROTIC RAS

Hypertension

The most common indication for renal artery revascularization 
is to improve BP control. Improvement occurs in the majority 
of patients, but complete resolution of hypertension is uncom-
mon. Factors that predict improvement include pretreatment 
BP (mean arterial pressure >110 mm Hg) and the presence of 
bilateral RAS. Because renovascular and nonrenovascular hyper-
tension often coexist in an elderly population with atheroscle-
rotic disease, patient selection is critical in deciding whether to 
undertake renal artery revascularization.

Several randomized prospective clinical trials have compared 
angioplasty with or without stenting to medical therapy.  
None of these studies have shown a consistent benefit to revas-
cularization; however, these studies all contain serious flaws. 
Among the factors that limit interpretation of the data are 
enrollment of patients with hemodynamically insignificant  
RAS (patients with mild stenoses in the 50% to 70% range  
were included), the high crossover rate in the medically  
treated group (for example, in the Dutch RAS Intervention 
Cooperative [DRASTIC] Study, approximately 40% of subjects 
in the medically treated group underwent angioplasty within  
the first 3 months), and that the medical regimen of anti-
hypertensives was not specified, which confounded the 
interpretation.

The Angioplasty and Stenting for Renal Artery Lesions 
(ASTRAL) Trial examined whether revascularization together 
with medical therapy improved renal function and other 



CHAPTER 47 • Renal Artery Stenosis 411
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To pressure 
recorder Predilation–renal artery BP 61/49 mm Hg
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figure 47-7 Transluminal renal angioplasty, as pioneered by Gruentzig. BP, blood pressure.

outcomes, as compared with medical therapy alone, in patients 
with atherosclerotic renal artery stenosis in cases where the 
patient’s physician was uncertain that the patient would defi-
nitely have a worthwhile clinical benefit from revascularization. 
This randomized, unblinded trial included 806 patients with  
a median follow-up of 34 months. The two study groups  
had similar rates of renal events, major cardiovascular events, 
and death.

The Cardiovascular Outcomes in Renal Atherosclerotic 
Lesions (CORAL) is an ongoing, National Institutes of Health–
sponsored, large, multicenter, randomized, prospective trial that 
is enrolling all patients with RAS, a more inclusive population 
than addressed by the ASTRAL Trial. In this trial, all patients 
receive “optimal medical therapy” that includes treatment of 
hypertension to target levels (using angiotensin receptor block-
ers as first-line treatment), lipid management, treatment of dia-
betes, smoking cessation, and use of antiplatelet agents. By 
protocol, patients with more than 60% RAS are randomized to 
angioplasty with stenting (use of embolic protection is at the 
discretion of the operator) plus medical therapy or medical 
treatment alone. This trial is the largest and has the longest 
follow-up period of any trial of RAS. The primary end points 
are clinical outcomes. It is anticipated that the results of CORAL 
will have a major impact on choosing therapy for patients  
with RAS.

Renal Preservation

Renal artery revascularization can stabilize and even reverse 
progressive decreases in renal function in selected patients. In  
a meta-analysis of six studies, revascularization in patients  
with ischemic nephropathy resulted in an improvement in  
renal function in 46%, stabilization of renal function in 31%, 
and worsening of renal function in 22%. Unfortunately, there 
are still limited data regarding appropriate identification of 
patients with ischemic nephropathy who will improve with 
revascularization.

Pulmonary Edema

Acute pulmonary edema with respiratory failure and death can 
occur in patients with RAS, especially in patients with bilateral 
(but usually not unilateral) RAS. Successful revascularization 
can virtually eliminate recurrent episodes.

Avoiding Treatment Errors

One of the major difficulties in treating RAS is identifying 
patients who will benefit from revascularization. Clinical trials 
have found that measurable beneficial outcomes occur in only 
approximately 50% to 70% of patients who undergo successful 
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intervention, determining whether RAS has deleterious effects 
independent of hypertension and ischemic nephropathy, and 
optimizing renal artery revascularization.
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figure 47-8 Percutaneous revascularization of stenotic renal 
arteries.

Pretreatment arteriogram– 
stenotic lesions (arrows).

Posttreatment arteriogram– 
patent arteries

Stent

Patients with hypertension and atherosclerotic renal artery stenosis
most likely to respond to balloon angioplasty percutaneous renal artery
revascularization are those with onset of hypertension within the past
5 years, those without primary renal disease, and middle-aged men
with atherosclerotic renal artery stenosis and malignant hypertension
not caused by primary renal disease. A positive captopril renogram 
predicts cure or improvement of hypertension after revascularization.

Percutaneous
renal artery
revascularization 

renal artery revascularization. The possibility that clinical ben-
efits independent of the traditional end points (primarily BP 
reduction and renal function preservation) occur with renal 
artery revascularization is being studied in the CORAL Trial. 
In addition, many techniques are being evaluated to assess the 
hemodynamic significance of renal artery lesions with the goal 
of better identifying patients who will improve following treat-
ment of RAS.

futuRE diRECtionS

Important areas of future study include identifying characteris-
tics that predict which patients will benefit from renal artery 
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Interventional Approaches for 
Peripheral Arterial Disease

Robert Mendes and Matthew A. Mauro

C harles Dotter and Melvin Judkins first introduced cathe-
ter-based interventions in atherosclerotic disease in 1964. 

Major technological advances now make possible interventions 
for a vast array of conditions, benefiting millions of patients with 
coronary, cerebral, or peripheral arterial disease. Percutaneous 
interventions have greatly expanded therapeutic options, often 
complementing and occasionally replacing drugs or surgery. 
This chapter reviews the indications for endovascular therapy 
for relatively common extracardiac arterial diseases.

CerebrovAsCulAr AnD 
CArDIoembolIC DIseAse

Carotid Artery Stenosis

More than 600,000 strokes occur annually in the United States, 
and disability as a consequence of stroke is estimated to affect 
more than 1 million Americans. An important cause of prevent-
able stroke is large-vessel or carotid atherosclerosis. The risks 
and therapies for carotid atherosclerosis have been examined in 
a number of clinical trials. The Asymptomatic Carotid Athero-
sclerosis Study reported a 5-year risk of stroke ipsilateral to an 
asymptomatic carotid artery stenosis (of 60% or greater) to be 
approximately 11%, despite aspirin therapy. The North Ameri-
can Symptomatic Carotid Endarterectomy Trial (NASCET) 
demonstrated a 2-year stroke risk of 26% in the presence of a 
previous transient ischemic attack (TIA) or stroke. Both trials 
reported significant reductions in stroke with carotid endarter-
ectomy (CEA) (see Chapter 49). The perioperative death and 
stroke risks of CEA approximate 2% and 6% in asymptomatic 
and symptomatic carotid disease, respectively. However, the 
advancement of technology and the desire for developing a less 
morbid and minimally invasive approach to this disease have led 
to consideration of percutaneous approaches for the treatment 
of carotid artery stenosis.

The Carotid and Vertebral Artery Transluminal Angioplasty 
Study (CAVATAS) was the first randomized trial to establish 
the general equivalency of endovascular therapy for carotid ste-
nosis. The 3-year death and stroke rates in the predominantly 
balloon angioplasty group (only 24% received stents) were 
similar to those in the CEA group. The tradeoff was a higher 
rate of incidentally detected restenosis: 18% in the balloon 
angioplasty group compared with 5% for CEA. Since  
CAVATAS, improvements in the technology available for  
percutaneous carotid artery revascularization have reduced  
procedural risks and improved outcomes. In particular, the 
development and improvements in devices to protect against 
embolization represent an important step toward improving 
outcomes in carotid artery stenting (Fig. 48-1). The Stenting 
and Angioplasty with Protection in Patients at High Risk for 
Endarterectomy Study demonstrated that carotid stenting in 
conjunction with cerebral emboli protection was comparable 

(using “noninferiority” as an end point) with CEA in high-risk 
patients. Indeed, at 30 days, the primary composite end point 
of death, stroke, or myocardial infarction was higher in the CEA 
group than in the stented group (12.6% vs. 5.8%, P < 0.05). The 
Carotid Revascularization Endarterectomy vs. Stenting Trial 
(CREST), which has completed enrollment of 2500 patients, 
will be the largest randomized controlled study comparing 
stenting and CEA. The results of CREST will address a multi-
tude of issues still being debated and, hopefully, will allow health 
care providers and patients to better inform their decisions on 
revascularization for carotid artery stenoses.

It is important to note that procedural experience is a critical 
determinant of outcome. Numerous studies have demonstrated 
that excessive complication rates occur with operators who have 
performed fewer than 10 carotid interventions. Although cere-
bral emboli protection devices generally increase the safety of 
catheter manipulations within the diseased aortic arch and bra-
chiocephalic arteries, further study will be needed before broad 
application can be recommended.

At present, it is recommended that carotid artery stenting be 
considered for patients who would benefit from revascularization 
but are at increased risk of surgery because of medical comor-
bidities or unfavorable anatomic characteristics. These include 
symptomatic patients with more than 50% carotid stenosis and 
who have at least one high-risk feature: congestive heart failure, 
severe coronary artery disease, severe chronic obstructive pul-
monary disease, previous CEA presenting with restenosis, previ-
ous radical neck surgery or radiation therapy, or a carotid lesion 
that is behind the jaw or within the thoracic cavity.

Cerebral Arterial Occlusive Disease

Although angioplasty and stenting of stenoses involving cerebral 
or vertebral arteries have been performed in patients who do 
not respond to standard therapy, few randomized data exist to 
aid in clinical decision making. However, several randomized 
controlled trials have assessed fibrinolytic therapy for the treat-
ment of acute stroke. The time window for successful rescue of 
cerebral tissue is narrow. One trial sponsored by the National 
Institutes of Health used treatment with intravenous tissue plas-
minogen activator within 3 hours after the onset of ischemic 
stroke and reported improved clinical outcome (death and  
disability) at 3 months despite an increased incidence of in-
hospital intracerebral hemorrhage. Several studies are under-
way comparing several different drug and device strategies for 
the treatment of acute stroke.

Cardioembolic Stroke

As many as 120,000 strokes per year are attributed to atrial 
fibrillation. In people 80 years of age and older, atrial fibrillation 
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Figure 48-1 Cerebrovascular emboli protection device.
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accounts for nearly 40% of strokes. Although the efficacy of 
long-term warfarin therapy is established for stroke prevention, 
a significant number of individuals have contraindications to or 
complications with anticoagulation or have breakthrough events 
despite therapeutic concentrations of warfarin. Emerging non-
pharmacologic options have focused on maintaining sinus 
rhythm and include percutaneous ablation of arrhythmogenic 
atrial foci, implantable atrial defibrillators, and percutaneous left 
atrial appendage transcatheter occlusion (Fig. 48-2, upper).

In younger people (under 55 years of age), causes of stroke 
are more variable and approximately 40% of strokes are  
of undetermined origin. It has been proposed that venous-to-
systemic (or paradoxical) embolization through a patent foramen 
ovale (PFO) may account for a significant number of these 
cryptogenic strokes. Evidence in support of this hypothesis 
includes the finding that the 4-year risk of idiopathic recurrent 
stroke or TIA in patients found to have a PFO is estimated to 
be 2% to 15%, even with anticoagulation therapy, whereas the 
risk is virtually none after surgical closure of the PFO. Features 
that predispose patients with PFO to neurologic events are 
concurrent atrial septal aneurysm, hypercoagulable states, fat  
or air embolism (e.g., during or following orthopedic surgery 
or at parturition), and conditions that increase right atrial pres-
sures (e.g., chronic obstructive pulmonary disease, recurrent 

pulmonary embolism). Other high-risk markers for subsequent 
stroke include previous TIA or stroke, large PFO, and higher 
transatrial bubble counts on echocardiography. Low rates of 
stroke recurrence have been observed in relatively large case 
series with transvenous PFO closure devices (Fig. 48-2, lower), 
and randomized controlled trials comparing this strategy to 
anticoagulation therapy are in progress.

uPPer extremIty DIseAse

The innominate and subclavian arteries supply blood flow to the 
arms and brain via the carotid and vertebral arteries. In patients 
who have undergone coronary artery bypass grafting using the 
internal thoracic (mammary) artery, coronary blood flow relies 
on the innominate and subclavian arteries. In addition to pre-
senting with arm coolness and claudication, or embolization to 
the fingers, patients with lesions in the innominate and subcla-
vian arteries can present with angina and with symptoms of 
cerebral hemispheric and vertebrobasilar insufficiency, depend-
ing on the specific location of occlusive disease.

The most recent studies on percutaneous transluminal angio-
plasty and stenting for brachiocephalic and subclavian stenosis 
show consistent relief of symptoms and resolution of blood 
pressure differences between the right and left arms. Complete 
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Figure 48-2 Interventional approaches to peripheral arterial disease. 
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occlusions are technically more difficult to revascularize, because 
more manipulations and force are needed for recanalization, 
resulting in a higher complication rate and variable clinical 
outcomes.

There are no available randomized comparisons of surgical 
and percutaneous revascularization for occlusive diseases involv-
ing the aortic arch vessels. Nevertheless, technical short-term 
success rates for both strategies approach 97%, and patency 
rates for percutaneous approaches have been reported as high 
as 97% with a mean follow-up of 20 months compared with 
patency rates of 84% to 88% at 51 months for surgery. Vascular 
access bleeding and stent embolization necessitating surgical 
retrieval are the most common complications of percutaneous 
approaches. Dissection, thrombosis, and embolization involving 
the cerebrovascular arteries, internal thoracic artery, and upper 
extremity territories have been reported but are rare.

Symptomatic extrinsic compression of the subclavian or  
axillary artery or vein as it crosses the thoracic outlet is a sepa-
rate clinical entity. Associated anomalies include a cervical rib 
or fusion of the first and second ribs. Surgical revascularization 
is the preferred treatment in severe cases of thoracic outlet 
syndrome presenting as subclavian vein thrombosis (Paget-
Schroetter’s syndrome). While catheter-directed thrombolysis 

is an integral component in the therapy of Paget-Schroetter’s 
syndrome, stents are relatively contraindicated because of the 
risk of kinked or crushed stents with subsequent rethrombosis 
secondary to extrinsic compression.

DIseAses oF the vIsCerAl ArterIes

The classic presentation of chronic mesenteric ischemia is post-
prandial abdominal pain 30 to 60 minutes after a meal and 
weight loss from avoidance of food intake, or “food fear.” Symp-
tomatic chronic mesenteric ischemia is rare because multiple 
collateral pathways connect the three major intestinal branches 
of the abdominal aorta: the celiac artery, the superior mesenteric 
artery, and the inferior mesenteric artery. The differential diag-
nosis includes atherosclerosis, celiac artery compression from 
the median arcuate ligament, and nonocclusive etiologies, such 
as heart failure with low cardiac output and visceral artery vaso-
spasm from cocaine, ergot, or vasopressors. See Chapter 47 for 
a discussion of renal artery stenosis.

Surgery for mesenteric ischemia is highly successful, with 
nearly a 100% short-term success rate and a primary patency 
rate of 89% at 6 years and a perioperative mortality rate of  
3% to 4%. The short-term procedural success rates of visceral 
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artery percutaneous transluminal angioplasty (PTA) are  
reported to be approximately 79% to 95% and up to 92% to 
100% when stents are used. The few procedural failures that 
occur are generally in the setting of either an occult malignancy 
(resulting in a prothrombotic state) or extrinsic arterial com-
pression by the median arcuate ligament. Major complications 
can occur, however, and restenosis is not rare. A comparison  
of chronic mesenteric ischemia treated by percutaneous 
approaches to historic surgical controls in which the percutane-
ous group was significantly older (68 vs. 62 years) and had more 
coronary disease (68% vs. 33%) showed no statistically signifi-
cant differences in death. In this report, two periprocedural 
deaths reported after PTA or stenting were related to bowel 
gangrene and subsequent multisystem organ failure. A third 
death resulted from myocardial infarction. There were more 
than twice as many systemic complications (cardiac, pulmonary, 
gastrointestinal, or renal) after surgery than after percutaneous 
revascularization (40% vs. 19%, P = 0.034). However, there 
was almost a threefold difference in cumulative symptom recur-
rence by 3 years: 34% after percutaneous revascularization and  
only 13% after surgery. Poor results are often seen with acute 
mesenteric ischemia associated with cardioembolism or acute 
aortic dissections primarily because of associated bowel infarc-
tion or necrosis, and exploratory laparotomy should be the main 
strategy.

lower extremIty DIseAse

Peripheral arterial disease afflicts approximately 12% of the 
adult population in the United States. This population has a 
higher risk of death (three to four times that of age-matched 
controls), mostly attributed to associated cardiac and cerebro-
vascular diseases. Intermittent claudication presents in approxi-
mately 2% of the population over the age of 65, with a rate of 
progression to amputation of 1% per year. Surgical revascular-
ization is primarily reserved for advanced disease (lower extrem-
ity ulcers or rest pain); however, endovascular therapies have 
increased the therapeutic options for claudication.

The Trans-Atlantic Inter-Society Consensus (TASC) on the 
Management of Peripheral Artery Disease, first published in 
2000 and revised in 2007 (TASC II), was created to provide a 
guideline for the treatment of peripheral arterial disease. The 
document received multidisciplinary input from 16 societies and 
leading physicians who stressed the medical management of the 
disease, but it also evaluated the evidence of therapies based 
upon morphologic classification. Revised recommendations 
support endovascular therapies for lesions in the superficial 
femoral artery (SFA) less than 10 cm in length (TASC II type 
A) and surgical revascularization for occlusive lesions of the SFA 
longer than 20 cm in length (TASC II type D) (Fig. 48-3). For 
intermediate lesions (TASC II type B or C lesions), the patient’s 
comorbidities and fully informed preference and the operator’s 
experience and long-term outcomes must be considered.

Whyman and colleagues (1997) showed that a clear advan-
tage exists with PTA after up to 6 months’ follow-up in terms 
of improvement in ability to walk up to 1 km and the distance 
that could be traversed before claudication on a standard tread-
mill test. Moreover, twice as many patients had lower pain 

scores on the Nottingham Health Profile after undergoing PTA 
as compared with patients who received medical therapy alone. 
Unfortunately, these benefits were not maintained, and there 
was no statistically significant benefit in the PTA group com-
pared with the control group after 2 years of follow-up. PTA 
and supervised exercise achieved different but complementary 
goals in one study. PTA resulted in statistically significant 
improvement in ankle-brachial pressure index scores immedi-
ately and up to 15 months after the procedure (mean increase 
of 0.21), but maximum walking distances improved only mod-
estly. However, the maximum walking distance increased pro-
gressively for patients randomized to exercise. In the PTA 
group, the failure to double the walking distance was due to 
contralateral (untreated) claudication in five patients and angina 
or dyspnea in two patients. Although PTA definitely improves 
perfusion to the feet, which can confer protection for popula-
tions at higher risk for limb loss (e.g., diabetic patients), super-
vised exercise improves functional outcome and simultaneously 
enhances global cardiovascular conditioning and therefore 
should be the initial therapeutic approach.

The subset of patients with stenosis confined to the iliac 
arteries is one group that substantially benefits from PTA or 
stenting. In one study in which 37% of the randomized patients 
had iliac artery stenosis, the 1-year patency rate was 90%  
for the iliac subgroup but diminished to 61% when patients  
with infrainguinal disease were included. While surgical revas-
cularization seems to confer better long-term patency, compli-
cation rates are higher, especially in patients with significant 
comorbidities.

Primary stenting of intermediate lesions (4–15 cm) involving 
the SFA was superior to PTA in a study performed by Schil-
linger and colleagues (2006). In the evaluation of self-expanding 
nitinol versus angioplasty, restenosis rates were found to be 24% 
versus 43%, respectively, at 6 months, and 37% versus 63%, 
respectively, at 12 months. Patients were also able to walk con-
siderably greater distances on a treadmill in the primary stent 
group as compared with PTA at both the 6- and 12-month 
follow-up. The Randomized Study Comparing the Edwards 
Self-Expanding LifeStent vs. Angioplasty-Alone In LEsions 
INvolving The Superficial Femoral Artery and/or Proximal  
Popliteal Artery (RESILIENT) Trial is a randomized con-
trolled study that has compared primary PTA with nitinol stent-
ing to PTA alone in lesions averaging 6.5 cm in the SFA. The 
study was designed to follow patients for 36 months, but interim 
analysis at 12 months indicated a significant difference between 
the two groups with freedom from revascularization at 90% for 
the stent group versus 47% for the PTA arm of the study. 
Primary patency rate of the stented population was approxi-
mately 80% at 1 year. The study data proved convincing enough 
that the U.S. Food and Drug Administration approved the use 
of the Bard LifeStent (Bard, Tempe, AZ) in the SFA, the first 
bare-metal stent to obtain such an indication.

Many other modalities are being used in the lower extremi-
ties, including atherectomy devices, drug-eluting stents, absorb-
able metal stents, and a multitude of variations on the simple 
angioplasty balloon. Although data are lacking to support the 
routine use of any such device, unique situations exist wherein 
such devices may prove useful in experienced hands.
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Figure 48-3 Interventional approaches to peripheral arterial disease. PTA, percutaneous transluminal angioplasty; 
PTAS, percutaneous transluminal angioplasty with stenting.
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Figure 48-4 Multiterritorial disease.

Future DIreCtIons

Atherosclerosis is a systemic disease that involves many arterial 
territories (Fig. 48-4). Patients with this disease are at an 
increased risk for death, most likely from cardiac or cerebral 
events. These patients are also at increased risk for aortic aneu-
rysms. Patients with diffuse atherosclerosis often have multiple 
comorbidities that require interspecialty communication and 
collaboration among primary care providers, geriatricians, car-
diologists, interventional radiologists, endocrinologists, neu-
rologists, surgeons, and other health care team members. 
Multidisciplinary care maximizes prevention, health mainte-
nance, and optimal selection of patients and procedures (diag-
nostic and therapeutic). It is anticipated that continuation of 
technologic advances in peripheral vascular devices, adjunctive 
drug therapy, and the creation of more specialized vascular 
centers will result in enhanced quantity and quality of life.
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P eripheral vascular disease (PVD) encompasses pathology of 
both the arterial and the venous circulations. Advanced 

disease of either system can be debilitating and disabling. The 
clinical presentation and therapeutic choices for patients with 
PVD vary widely depending upon the vascular distribution 
involved and the severity of the disease. This chapter focuses on 
the more common problems that require surgical intervention. 
Although PVD includes venous pathologies, these are less likely 
to result in serious morbidity and mortality, and thus this 
chapter focuses on arterial pathologies.

Aneurysmal disease usually involves large arteries, most com-
monly the infrarenal aorta and iliac arteries, and less often 
involves other major arteries, including the thoracic aorta and 
the femoral and popliteal arteries. Although small aneurysms 
have been reported to rupture, the risk of rupture is thought  
to rise exponentially with increasing diameter according to 
LaPlace’s law—that the greater the radius of an artery, the 
greater the pressure on the arterial wall. Atherosclerosis is an 
important contributor to aneurysmal dilatation, but genetic and 
other factors are also important in aneurysm formation and 
rupture, as described below.

Atherosclerosis involving the infrarenal aorta and the iliac 
and infrainguinal arteries is also the most common cause of 
arterial insufficiency of the lower extremities. PVD can be sub-
divided into categories based on location: inflow (infrarenal 
aorta, iliac), outflow (femoral, popliteal), and runoff (tibial, 
peroneal) vessels. These categories help define the risks and 
benefits of intervention and treatment options.

A detailed history and physical examination can identify  
the anatomic distribution of vascular pathology. Invasive  
and noninvasive imaging augment clinical findings and aid deci-
sion making. Several open surgical and endovascular interven-
tions, discussed later, provide significant benefits to patients 
with PVD.

Other important areas of the vascular system affected by 
occlusive disease include the carotid arteries and the visceral 
vessels. Surgical and other interventional approaches to treating 
atherosclerosis of the carotid and visceral arteries are also dis-
cussed in this chapter.

Etiology anD PathogEnESiS

For many years the etiology of aneurysmal disease was believed 
to be primarily related to atherosclerosis, largely because aneu-
rysmal disease occurs predominantly in elderly hypertensive 
individuals and is associated with tobacco use. The etiology is 
now thought to be multifactorial. Genetic predisposition may 
be involved in up to one third of patients with aneurysms. 
Microscopic analysis indicates that deficiencies in elastin, col-
lagen, or both may be crucial factors. Collagen-degrading matrix 
metalloproteinases are probable culprits in aneurysm formation, 

and current research focuses on their role in the pathogenesis 
of aneurysmal disease. Elastin and collagen breakdown, which 
may be accelerated based on a genetic predisposition to produce 
matrix metalloproteinases, may precipitate an inflammatory 
reaction. This inflammatory reaction can then contribute to 
weakening of the arterial wall and eventual dilatation. The pres-
ence of several cytokines and systemic biomarkers has been 
shown to correlate with the presence and size of abdominal 
aortic aneurysms, and it is likely that a causative relationship 
exists. Embolic disease, thrombosis, or trauma may also cause 
arterial occlusion (Fig. 49-1). However, the most common cause 
of lower extremity arterial occlusion is atherosclerosis. The eti-
ology and pathogenesis of atherosclerosis are discussed in 
Chapter 44.

abDominal aortic anEurySmS

Clinical Presentation

Each year approximately 9000 deaths occur from ruptured 
abdominal aortic aneurysms (rAAAs), and this disease is the 
thirteenth leading cause of death in the United States, despite 
advances in diagnostic imaging, screening programs, and height-
ened awareness. Abdominal pain may indicate rapid enlarge-
ment or impending rupture of an AAA. Other symptoms of an 
AAA include nausea, early satiety, and back pain from compres-
sion of adjacent structures; however, approximately 75% of 
patients are asymptomatic at presentation, and the presence  
of an AAA is detected by physical examination or screening of 
high-risk individuals.

Management and Therapy

OptiMuM tReAtMent

Management guidelines center on evaluation of rupture risk. 
When the risk of rupture exceeds the risk of surgical repair, 
replacement of the artery’s aneurysmal segment is indicated. For 
an asymptomatic AAA, the risk of rupture varies with the diam-
eter of the aneurysm; an AAA of 5 cm has a 5% rupture risk per 
year, and an AAA of 6 cm has an estimated 10% to 15% rupture 
risk per year. Patients with saccular aneurysms, chronic obstruc-
tive pulmonary disease, or hypertension are thought to have a 
higher than average risk of aneurysm rupture. Treatment is 
indicated for aneurysms that are greater than twice the normal 
artery diameter, that are enlarging rapidly (>0.5 cm in 6 months), 
or that are symptomatic—the major symptoms being pain or 
evidence of distal emboli potentially related to the aneurysm.

The number of patients in the United States with the diag-
nosis of an rAAA has declined in recent years from 23.2 to 12.8 
per 100,000 Medicare beneficiaries (P < 0.0001), as did repairs 
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Figure 49-1 Atherosclerosis, thrombosis, and embolism.
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of rAAAs (15.6 to 8.4 per 100,000; P < 0.0001). These data 
reflect increased surveillance for AAAs and the increased use of 
endovascular aneurysm repair. With the increasing number of 
endovascular aneurysm repairs (EVARs), the threshold for 
intervention based on size has become more controversial. 
Some evidence suggests that observation of AAAs smaller than 
5.5 cm is the proper course, whereas other observers believe 
that EVAR should be offered to patients earlier in the course of 
their disease. This question is being addressed in a large ran-
domized study that, when complete, should provide much-
needed direction on when to intervene in patients with AAAs.

During the past 50 years the surgical technique for AAA 
repair has remained essentially unchanged, with outcome 
improvements resulting from advances in preoperative screen-
ing and risk stratification, improved anesthetic practice, and 
intensive care management. Notably, however, the use of more 
durable synthetic grafts in recent years (rather than using homo-
grafts for AAA repair; Fig. 49-2, upper) has also contributed to 
the improved long-term outcome following AAA repair. Aneu-
rysmorrhaphy involves mobilization and exposure of the aneu-
rysm and the normal artery above and below the diseased 
section. Blood flow through the artery is arrested for inline 
replacement of the diseased artery with an artificial one, result-
ing in major cardiovascular stress during the procedure and for 
several days after. The combination of cardiovascular stress and 

the advanced age and comorbid conditions of the patient 
increases the procedure-associated morbidity and mortality 
rates. Patients usually require 7 to 10 days of hospitalization and 
6 to 8 weeks to recover. However, once patients fully recover 
from the procedure, long-term follow-up indicates that few 
patients need further intervention. When further intervention 
is needed, generally it is because progression of the disease has 
occurred in adjacent arteries. Ongoing research focuses on the 
identification of mechanisms to arrest the disease process to 
prevent spread and inhibit the inflammatory process.

As general medical care and nutrition have improved, the 
mean age in the United States and industrialized countries has 
increased, and with this there is an increasing number of indi-
viduals with AAAs. As the age and medical comorbidities of 
patients with an AAA increased, so did the interest in less-
invasive procedures for treatment, resulting in the development 
of minimally invasive techniques for the treatment of aneurys-
mal disease. AAA endovascular repair techniques involve the 
insertion of a new lining into the diseased artery with the use 
of hooks or stents to secure the lining to the arterial wall. Four 
devices are approved by the U.S. Food and Drug Administration 
for the treatment of infrarenal AAAs. The indications for treat-
ment with endovascular devices are identical to those for open 
surgical repair. The procedure can be performed under local, 
regional, or general anesthesia, and typically involves exposure 
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of the common femoral arteries for device insertion. Although 
insertion has been accomplished with percutaneous techniques, 
most devices are too large for insertion by routine percutaneous 
treatment methods. Once the aorta is accessed, imaging methods 
guide device implantation just below the renal arteries, where 
the aorta and its endothelium are the healthiest. Most patients 
are hospitalized for 1 day and are fully recovered from the pro-
cedure within 1 week. Successful implantation is accomplished 
in more than 98% of patients.

Patient selection is crucial to outcomes with EVAR. Seal 
failures (endoleak) are more likely to occur in patients with 
short, angled, or diseased proximal infrarenal arteries. During 
follow-up, complications associated with endoleaks or migration 
develop in 6% to 15% of patients. Many of these complications 
can be treated with secondary endovascular interventions and 
do not necessitate conversion to open repair and removal of the 
device. Iliac artery access issues (smaller or diseased arteries) 
may also create complications associated with implantation. 
Although new design techniques and lower profile devices have 
overcome many of these problems, complications occur in 1% 
to 2% of patients.

Prospective studies have not shown a reduction in the mor-
tality rate associated with EVAR procedures compared to open 

Figure 49-2 Surgical management of aortic aneurysms.
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surgery, but taken as a whole these studies show the rate of 
major morbidity is significantly lower (by ~50%) following 
EVAR. Blood loss and time required to return to an active 
lifestyle are also significantly reduced. Interim data also suggest 
that patient survival is greater after EVAR than after traditional 
open surgical treatment, and this has resulted in the increased 
use of this approach. Notably, a report from the Agency for 
Healthcare Research and Quality states that EVAR did not 
improve longer term overall survival or health status and was 
associated with greater complications, need for reintervention, 
long-term monitoring, and costs.

In 2008, approximately 50% of AAAs were treated with 
endovascular therapy. As branched designs and other innova-
tions are incorporated and durability concerns are addressed, 
the use of EVAR technology will most likely increase.

AVOiDing tReAtMent eRRORS

With both the endovascular and open approaches, the anatomy 
of the aneurysm must be determined. This includes proximity 
to the renal arteries as well as the angulation of the neck of the 
aneurysm and the status of the inferior mesenteric artery. Failure 
to revascularize the inferior mesenteric artery may result in 
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postoperative visceral ischemia, whereas graft impingement on 
the renal arteries may result in renal failure. Placement of an 
endograft in a patient with a severely angulated neck can be 
associated with a type I endoleak.

thoracic anEurySmS

Clinical Presentation

Thoracic aneurysms are less prevalent than AAAs. The clinical 
presentation of thoracic aneurysms is similar to that of AAAs, 
in that most patients are asymptomatic. The most common 
clinical presentation results from compression of adjacent struc-
tures, which can produce chest pain, hoarseness from recurrent 
laryngeal nerve injury, back pain, or pulmonary problems from 
compression of bronchial structures.

Management and Therapy

OptiMuM tReAtMent

As is the case for surgical repair of infrarenal disease, surgical 
repair of thoracic aneurysms usually requires replacement of the 
diseased artery. However, the risks associated with surgical 
repair of thoracic and thoracoabdominal aneurysms are signifi-
cantly higher than those of AAA repair. One major risk associ-
ated with thoracoabdominal aneurysm repair is paraplegia, 
because perfusion to the spinal cord must be interrupted during 
the repair. Several approaches have been developed to limit the 
amount of ischemia, including the use of barbiturates, hypother-
mia, and spinal cord drainage to increase perfusion pressure via 
collaterals. Even with these protective approaches, for extensive 
aneurysms involving the area from the left subclavian artery to 
the aortic bifurcation, the risk of paraplegia is as high as 25%. 
For small aneurysms involving a short section of the aorta, the 
risk of paraplegia is not negligible (2% to 8%). Because of  
the high risk, treatment is delayed until the risk of rupture is 
greater than the risk of repair, typically when an aneurysm is 
6 cm in diameter (Fig. 49-2, lower). Individuals with Marfan’s 
disease or other collagen vascular diseases represent an impor-
tant subset in whom the risk of dissection and/or rupture is 
increased even at smaller aneurysm diameters, requiring earlier 
surgical intervention.

Recent treatment of thoracic aneurysms with endografts has 
lowered the risk associated with treating this problem and 
increased the number of patients who are candidates for treat-
ment. The results of endovascular therapy trials being con-
ducted for the treatment of thoracic diseases are promising. 
Although an association between endovascular therapy and 
paraplegia exists in patients with a concomitant or previous 
infrarenal repair, the association between length of the aneu-
rysm and paraplegia as a complication of surgical repair is not 
present when the aorta is covered by the endograft. Other tho-
racic aortic pathologies being treated include aortic dissections, 
aortic transections, penetrating ulcers, and ruptured plaques, all 
with promising results.

In the past, repair of many extensive thoracoabdominal  
aneurysms involved the use of atriofemoral bypass. In patients 
with visceral ischemia, especially to the kidneys and liver, the 

potential for renal failure and serious coagulopathy was signifi-
cant with conventional surgical repair. Fortunately, recent 
studies are demonstrating that visceral revascularization tech-
niques performed in conjunction with placement of an endo-
graft have decreased the morbidity associated with thoracic 
aortic cross-clamping.

AVOiDing tReAtMent eRRORS

There are few clinical manifestations associated with thoracic 
aneurysms. The diagnosis is by chest x-ray or CT scan in 
patients at high risk for systemic aneurysms.

FEmoral anD PoPlitEal anEurySmS

Clinical Presentation

Popliteal aneurysms are often associated with thrombosis  
or embolization, or both. The risk of rupture is very low.  
Importantly, these aneurysms are bilateral in at least 50%  
of patients; it is therefore mandatory that a careful physical 
examination be performed in both popliteal fossae. A duplex 
scan is an easy and accurate way of evaluating the presence and 
size of popliteal aneurysms. Some patients with popliteal aneu-
rysms may present with posterior knee complaints from com-
pression of adjacent structures. As is the case with popliteal 
aneurysms, femoral aneurysms may also be associated with 
thrombosis and rupture. There is also an increased incidence of 
AAAs in patients with femoral and popliteal aneurysms, and all 
patients should be screened for AAAs at the time of their initial 
presentation.

Management and Therapy

OptiMuM tReAtMent

Because of the superficial location and easy surgical access of 
femoral artery aneurysms, these aneurysms are treated with 
aneurysmorrhaphy and, if necessary, reconstruction of the 
femoral bifurcation. Complication rates are low, usually involv-
ing recurrence, intimal hyperplastic issues, or graft infection. 
Endovascular techniques are not necessary because of the aneu-
rysm’s location, the ease of repair, excellent outcome, and low 
morbidity with surgical intervention.

Surgical bypass with the use of a vein graft is generally 
employed for popliteal aneurysms, with aneurysm ligation to 
prevent further embolization. In the case of a large aneurysm, 
resection may be required because of associated compression of 
the popliteal vein. Endovascular therapy for popliteal aneurysms 
has been used but has been associated with graft thrombosis in 
some cases. This therapy should probably be used only with 
older and high-risk patients.

AVOiDing tReAtMent eRRORS

Femoral aneurysms are palpable and often noted by the patient. 
The majority of popliteal aneurysms are bilateral, so a high 
index of suspicion is indicated in patients who have presented 
with a popliteal aneurysm on one side.
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lowEr ExtrEmity athEroSclEroSiS

Clinical Presentation

With the tendency for development of collateral circulation  
in the lower extremities, patients with lower extremity athero-
sclerosis may be asymptomatic despite significant arterial  
insufficiency. Additionally, many of these patients have comor-
bid conditions, such as cardiac disease, that restrict their  
activity and preclude them from having symptoms until very 
advanced disease is present. For individuals who can ambulate, 
claudication—muscle “cramping” or discomfort after walking a 
specific distance, with relief of the pain upon resting—is often 
the chief complaint. This pain is reproducible and consistent 
with pathophysiology that limits muscular blood supply during 
exertion, causing lactic acid accumulation.

Claudication of the proximal muscles of the leg, buttock, or 
hip usually indicates inflow disease, commonly referred to as 
aortoiliac occlusive disease. In some patients with severe disease, 
Leriche’s syndrome may develop. Patients with Leriche’s syn-
drome exhibit the characteristic triad of sexual dysfunction, 
buttock claudication, and absent femoral pulses. The association 
between aortoiliac occlusive disease and proximal muscle  
complaints is variable, and some patients complain of calf clau-
dication despite the presence of significant occlusion more 
proximally. Atheromatous embolization from aortoiliac lesions 
can lodge in the distal vessels, creating localized ischemia of the 
digits with resulting cyanosis. Because this is an embolic process, 
patients with the “blue toe syndrome” often have palpable distal 
pulses and may, depending on the degree of involvement, expe-
rience resolution of their clinical symptoms with time or medical 
therapy, or both.

Patients with atherosclerosis involving the femoropopliteal 
(outflow) vessels or with multilevel distribution of the disease 
can present with complaints ranging from claudication, the 
mildest presentation, to the most severe symptoms of rest pain 
and tissue loss. Often patients with mild complaints never seek 
medical attention because they attribute symptoms to arthritis 
or “old age.” However, as the disease worsens and rest pain 
ensues, a persistent “burning” or “aching” sensation over the 
dorsum of the foot often prompts individuals to seek help. 
Although usually of little benefit, patients may keep the ischemic 
limb in a dependent position, in an attempt to have gravity aid 
blood flow. Other signs characteristic of severe ischemia include 
dependent rubor, muscle atrophy, skin changes, lower extremity 
alopecia, ulcerations, and the lack of palpable distal pulses. 
Although these symptoms and signs of severe ischemia occur in 
nondiabetic individuals, with the increasing prevalence of dia-
betes, a higher proportion of patients presenting with femoro-
popliteal disease are diabetic (Fig. 49-3).

Isolated lesions at a single level rarely result in lower extrem-
ity rest pain and nonhealing ulcerations. Patients who present 
with concomitant lower extremity infections and persistent 
ulcerations despite medical therapy should be thoroughly evalu-
ated for significant arterial insufficiency. In many instances, 
these patients require lower extremity revascularization to 
salvage limbs.

Assessment by a noninvasive vascular laboratory can provide 
extensive information on the location and severity of lower 

Figure 49-3 Complications of diabetic vasculopathy and 
neuropathy.
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Figure 49-4 Surgical management of peripheral arterial disease of the lower extremities.
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extremity arterial obstruction. The ankle-brachial index pro-
vides an overall estimate of limb perfusion pressure, while analy-
sis of velocity waveforms in the arteries at the groin, knee, and 
ankle helps to classify the obstruction as inflow (aortoiliac), 
outflow (superficial femoral artery), or runoff (tibioperoneal 
vessels). Photoplethysmography waveforms in the toes as well 
as toe pressures help diagnose even more distal disease. Trans-
cutaneous oxygen measurements aid in the quantification of 
tissue ischemia, and a promising new technology (hyperspectral 
imaging) may be used to analyze ischemia and predict wound 
healing.

Management and Therapy

OptiMuM tReAtMent

All patients should undergo aggressive evaluation and treatment 
for hyperlipidemia and other genetic disorders associated with 
progressive atherosclerosis. Reducing risk factors, most impor-
tantly cessation of smoking, will slow disease progression. In 
addition, patients should integrate diet modification, exercise 
regimens that encourage collateral circulation, and prevention 
of lower extremity trauma and infection into their lifestyles. 
Drug therapy with an antiplatelet or hemorheologic agent such 
as pentoxifylline or cilostazol can provide symptomatic improve-
ment in some patients.

Ischemic rest pain, ulceration, and gangrene of the digits  
are indications for arterial reconstruction if anatomically  
feasible. Decisions about operations for lifestyle-impairing clau-
dication must be based on patient comorbidities and the ana-
tomic distribution of the disease. The decision as to which 
operative approach is best for an individual (and whether a 
surgical approach is indicated) should be based on the natural 
history of the disease, the overall condition of the patient, and 
the risks and benefits specific to the procedure and individual 
(Fig. 49-4). The goal of the procedure (e.g., limb salvage, wound 
healing, relief of rest pain, exercise tolerance) must be deter-
mined before surgical intervention. Endovascular procedures 
increase the options for therapy and are discussed in detail in 
Chapter 48.

If inflow disease is present, it should be addressed first 
because surgical correction can relieve symptoms and obviate 
the need for the less successful infrainguinal bypass surgery. 
Patients with symptomatic inflow disease can be treated with 
endovascular therapies, inline arterial reconstructions, or extra-
anatomic bypass. In making the decision about surgical therapy, 
consideration of both the patient’s perioperative risk and the 
influence of his or her anatomy and comorbidities on graft 
survival is important. For instance, comorbidities may exclude 
one approach or another. Other issues, such as cigarette smoking, 
may also influence the therapeutic decision. Many vascular 
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surgeons will not perform reconstructive surgery on patients 
who are still smoking, because smoking lowers bypass patency 
rates dramatically.

Bilateral aortoiliac disease is best treated with aortobifemoral 
grafting, using a prosthetic graft. The patency of this graft  
is approximately 80% to 90% at 5 years and approximately  
70% at 10 years. Mortality risks for this procedure are less  
than 5%. In patients with a history of abdominal infection,  
prior irradiation, abdominal stomas, or multiple abdominal 
operations (all of which increase operative morbidity rates),  
the descending thoracic aorta can be used as an alternative 
inflow source. The thoracobifemoral bypass achieves patency 
rates of 75% to 85% at 5 years, with perioperative mortality 
rates below 5% when the bypasses are performed by experi-
enced vascular surgeons. Extra-anatomic bypasses (grafts that 
course through an anatomic pathway that is significantly differ-
ent from the native arteries) should be performed in patients 
who would not tolerate major aortic reconstructive surgery 
because of comorbidities. The most common extra-anatomic 
procedures are axillobifemoral and femorofemoral bypass  
grafts. Axillobifemoral reconstruction, used for aortoiliac  
occlusive disease, has a 5-year patency rate of 50% to 60%.  
For patients with unilateral iliac disease not amenable to angio-
plasty, femorofemoral bypass has a 5-year patency rate of  
50% to 80%.

Critical ischemia or tissue loss from infrainguinal occlusive 
disease is best treated with arterial reconstruction. With respect 
to patency and resistance to infections, autologous vein grafts 
are superior to other conduits, especially when reconstruction 
below the knee is necessary. Availability, quality, and length 
requirements may necessitate a search for alternate sites for 
veins, such as the arms (basilic, cephalic) or the posterior leg 
(lesser saphenous vein). If possible, an autologous graft rather 
than synthetic material should be used for infrainguinal bypasses. 
Prosthetic material in lower extremity bypass procedures is 
reserved mainly for patients without other conduit options. In 
some cases, prosthetic material may be used for reconstructions 
above the knee.

Comparison of the use of an autologous saphenous vein  
with polytetrafluoroethylene grafts in above-the-knee (femoro-
popliteal) and below-the-knee (distal femoropopliteal and femo-
rodistal) bypass procedures showed equivalent 2-year patency 
rates in grafts to the same level, but patency diverged to a  
significant difference at 4 years. The differences at 4 years  
were significant for infrapopliteal bypasses but not for above- 
the-knee procedures. Of course, prosthetic graft material for 
distal bypasses is a better option than primary amputation in 
patients with suboptimal autologous vein options.

An excellent summary of the diagnosis and treatment of 
patients with lower extremity ischemia may be found in the 
American College of Cardiology/American Heart Association 
2005 Practice Guidelines for the management of patients with 
peripheral arterial disease.

AVOiDing tReAtMent eRRORS

Patients often attribute calf or thigh pain to orthopedic condi-
tions. Individuals with lower extremity pain associated with 
exercise should have a careful vascular evaluation.

carotiD DiSEaSE

Clinical Presentation

Most patients with carotid artery stenosis are asymptomatic (see 
also Chapters 45 and 48). For patients with symptoms, com-
plaints range from short-lived symptoms consistent with a tran-
sient ischemic attack—which may include contralateral extremity 
weakness, ipsilateral facial weakness, slurred speech, or tempo-
rary monocular blindness (amaurosis fugax)—to fully developed 
stroke deficits.

Management and Therapy

OptiMuM tReAtMent

Carotid endarterectomy has been the mainstay of treatment of 
carotid artery disease for decades. Large multicenter trials, such 
as the Asymptomatic Carotid Atherosclerosis Study (ACAS) and 
the North American Symptomatic Carotid Endarterectomy 
Trial, validated the safety and efficacy of carotid endarterectomy 
in treating and preventing strokes in patients with carotid artery 
stenosis. Surgical therapy involves exposure of the carotid bifur-
cation under general or regional anesthesia. After arresting flow 
and removing the intima and the media of the diseased section, 
the artery is closed. The procedural stroke rate is 1% to 2%. 
Adjacent nerve injuries and hematomas are the most common 
complications. With the use of routine carotid patch closure, 
long-term restenosis rates are significantly reduced. Patients 
recover quickly from this procedure (1 week), and hospitaliza-
tions are routinely less than 24 hours.

Carotid angioplasty with stenting is increasing in frequency. 
Although early studies showed an increased risk of stroke after 
carotid angioplasty, with the use of distal protective devices, the 
safety of carotid angioplasty–stenting has improved substan-
tially. Most trials in this area are “noninferiority studies” to 
determine whether or not the outcomes of carotid artery angio-
plasty–stenting equal those with carotid endarterectomy. The 
results of these trials have been equivocal. There is not a con-
sensus on whether any intervention (carotid endarterectomy or 
carotid artery stenting) is indicated with asymptomatic carotid 
stenosis. The results of the ACAS supported revascularization 
for asymptomatic individuals with significant carotid artery ste-
noses. It should be noted, however, that the ACAS was con-
ducted in an era when aspirin therapy was considered optimal 
medical management. No similar study has been done with a 
combination of aspirin and one of the newer antiplatelet agents 
(such as clopidrigrel) in asymptomatic patients.

AVOiDing tReAtMent eRRORS

The optimum treatment for asymptomatic carotid stenosis 
remains somewhat controversial, as discussed previously.  
Careful consideration should be given to advocating an invasive 
procedure in asymptomatic patients.

ViScEral DiSEaSE

Clinical Presentation

Patients with atherosclerotic lesions involving visceral arteries 
typically present with end-organ ischemia. Although abdominal 
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bruits are often detected, the disease’s natural history indicates 
that patients rarely become symptomatic and that symptoms 
generally occur only when the disease is far advanced. There is 
considerable debate about whether (and how) asymptomatic 
stenoses of visceral arteries should be treated. Duplex scanning 
is being used more frequently to identify patients with signifi-
cant visceral stenosis. The greatest  challenge for clinicians in 
this regard involves decision making following the detection of  
renal artery stenosis either by noninvasive testing or at the  
time of aortography. These issues are discussed in detail in 
Chapter 47.

Management and Therapy

OptiMuM tReAtMent

In patients with mesenteric ischemia, collateral flow can come 
from several vascular distributions, including the iliac arteries, 
the supraceliac aorta, and the thoracic aorta. Because of the 
disease’s low prevalence, individual series are small and results 
difficult to compare. After surgical repair, long-term patency is 
difficult to assess without follow-up angiography. Based on 
relief of symptoms, surgical approaches are highly successful; 
symptom-free disease is experienced by 80% to 100% of 
patients. Because of the limited involvement of the thoracic 
aorta in atherosclerotic disease, many surgeons prefer that the 
bypass originate from the thoracic aorta. Graft failures are 
unusual with this approach in patients followed longitudinally 
by duplex ultrasonography. Surgical mortality and morbidity 
rates are also low. Bypass techniques for the renal arteries typi-
cally utilize a replacement aortic graft or, for inflow, the splenic 
or hepatic artery. However, with advances in endovascular ther-
apies, fewer open surgical procedures are being performed on 
visceral arteries.

AVOiDing tReAtMent eRRORS

The major symptoms associated with superior mesenteric artery 
and celiac stenosis are postprandial pain and weight loss. If both 
these symptoms are present, strong consideration should be 
given to ultrasound or angiographic evaluation, or both.

aortic DiSSEctionS

Clinical Presentation

Aortic dissection of the thoracic aorta typically occurs in a 
younger subset of patients. Patients with aortic dissection typi-
cally are very symptomatic, presenting with back pain and 
uncontrollable hypertension. Management is based largely on 
the location of disease. The acute and long-term morbidity and 
mortality rates in patients with ascending aortic arch dissections 
are very high. Patients presenting with acute aortic regurgita-
tion, cardiac tamponade, and coronary ischemia usually have 
ascending arch involvement. Fortunately, the majority of tho-
racic aortic dissections (80%) involve the descending thoracic 
aorta, have lower acute mortality and morbidity rates, and often 
do not require surgery.

Management and Therapy

OptiMuM tReAtMent

Dissections involving the ascending arch require emergent 
repair to prevent or correct a rupture into the mediastinum or 
the pericardium and to prevent or correct coronary artery dis-
section. In many instances (and in virtually all patients with 
Marfan’s disease and dissection of the ascending aorta), replace-
ment of the ascending aortic arch and the aortic valve is neces-
sary, with reimplantation of the coronary arteries from their 
normal ostia into the aortic graft.

Management of descending dissections has largely been 
medical, with blood pressure reduction and expectant manage-
ment of ischemic complications involving the branch vessels 
(mesenteric, renal, spinal cord, and lower extremities). When 
malperfusion exists, reperfusion via bypass or endovascular tech-
niques is necessary to reestablish flow. Improvement in endo-
vascular techniques has decreased the use of open surgical 
treatment. When surgical intervention is required, it is associ-
ated with a mortality rate greater than 50%. In general, surgical 
correction is most successful for treating patients with descend-
ing aortic dissection when the major issue is lower extremity 
ischemia. In this case, the use of extra-anatomic bypasses, such 
as axillobifemoral or femorofemoral bypasses, is effective and 
reasonably safe. When necessary, fenestration with or without 
aortic stent grafts is used to improve hemodynamics. Stent grafts 
can exclude acute aortic ruptures resulting from dissections. 
Multimodality treatment including intravascular ultrasonogra-
phy is critical for accurate assessment and for identifying the 
best intervention. Promising results with the use of endografts 
in aortic dissections may lead to the increased use of this 
approach in the future.

AVOiDing tReAtMent eRRORS

In patients presenting with back pain and severe hypertension, 
clinicians should obtain a CT angiogram to rule out the possi-
bility of a dissection.

FuturE DirEctionS

As the development of endovascular devices continues, more 
than 50% of traditional surgical vascular procedures will be 
replaced with minimally invasive procedures because of patient 
preference and outcomes. The minimally invasive techniques 
will include branched devices for aneurysmal disease and drug-
eluting stents or other devices such as absorbable stents (analo-
gous to those used in coronary artery disease; see Chapter 15) 
to inhibit intimal hyperplasia and arrest the aneurysmal disease 
process in adjacent arteries. Standard surgical management 
algorithms will center on endovascular therapies with combined 
open and endovascular treatments for patients with complex 
problems not amenable to solely endovascular approaches. Until 
treatment options involve only endovascular percutaneous  
therapies—with proven long-term success rates comparable to 
the success rates of surgical treatments—physicians trained to 
perform both endovascular and surgical treatments are best 
suited to provide care.
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New drugs used in the treatment of cardiovascular disease 
are described elsewhere in this text, and it is likely that further 
implementation of preventative strategies will be increasingly 
important for patients at risk for PVD. In the future, medical 
treatment may be used to treat smaller aneurysms, stabilize 
plaques, prevent atherosclerosis, and revascularize ischemic 
chronic lower extremity ulcers.
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An Approach to Children with  
Suspected Congenital Heart Disease

G. William Henry and Frédérique Bailliard

B irth defects occur in approximately 2% of all births. 
Congenital heart disease comprises almost half of such 

defects, occurring in approximately 8 in 1000 newborn infants. 
Many classifications exist for congenital heart disease, and two 
variations based on a simple physiologic approach follow.

Congenital heart defects can be classified into those that 
result in cyanosis and those that do not. Acyanotic defects 
include those with a left-to-right shunt and increased pulmo-
nary blood flow and obstructive defects without associated 
shunting. Left-to-right shunts occur at various anatomic levels: 
atrial (e.g., atrial septal defect), ventricular (e.g., ventricular 
septal defect—part of the complex defect depicted in Fig. 50-1), 
or arterial (e.g., patent arterial duct). Obstructive lesions without 
any associated shunts include pulmonary stenosis, aortic steno-
sis, and coarctation of the aorta.

Cyanotic defects are generally characterized by a right-to-left 
shunt and may be classified into two broad categories. In the 
first group, with intracardiac defects and obstruction to pulmo-
nary flow, cyanosis results from decreased pulmonary blood flow 
and the intracardiac mixing of oxygenated and desaturated 
blood. In the second group, cyanosis results from the admixture 
of pulmonary and systemic venous returns despite normal or 
increased pulmonary blood flow. In most cardiac malformations 
classified in this group, a single chamber receives the total sys-
temic and pulmonary venous returns. The mixing of oxygenated 
and desaturated blood can occur at any level: venous (e.g., total 
anomalous pulmonary venous connection), atrial (e.g., single 
atrium), ventricular (e.g., single ventricle), and great vessel (e.g., 
persistent truncus arteriosus). In all these circumstances, near-
uniform mixing of the venous returns usually occurs. Complete 
transposition of the great arteries (Fig. 50-2) can be included in 
this group, although only partial admixture of the two venous 
returns occurs, leading to severe hypoxemia.

CliniCAl inDiCAtionS for MeDiCAl 
or SurgiCAl intervention

The interdisciplinary approach that is needed clinically to opti-
mally care for children with congenital heart disease includes 
accurate assessment of anatomic defects and their physiologic 
consequences and effective communication of these findings. 
Management of congenital heart disease revolves around 
manipulating abnormal pulmonary and systemic blood flows. 
The consequences of altered blood flow induced by congenital 
heart disease and the effects of therapeutic interventions invari-
ably influence the pulmonary circulation by increasing pulmo-
nary blood flow (e.g., left-to-right shunting through intracardiac 
septal defects), decreasing pulmonary blood flow (e.g., right-
sided obstructive heart lesions, such as tetralogy of Fallot) (Fig. 
50-3), altering the pathway of pulmonary blood flow (e.g., Fon-
tan-Kreutzer repair), or altering the hemodynamics to which 

pulmonary blood flow (e.g., pulmonary hypertension) is sub-
jected. The clinician must be able to manage such conditions in 
which there is increased pulmonary blood flow or a paucity of 
pulmonary blood flow and the associated repercussions as to 
how they relate to the systemic circulation. Obtaining the 
optimal balance between these two circulations, which are fre-
quently not in series in the case of congenital heart disease, 
requires the ability to monitor pulmonary hemodynamics and 
assess pulmonary vascular impairment successfully. Critically 
important to an understanding of the physiologic consequences 
of these defects are the maturational differences that occur in 
cardiopulmonary function during a child’s development. For 
example, cardiac function is subject to maturational changes 
occurring at the cellular level in a variety of processes, including 
those in the neurocardiac functional unit: changes in neu-
rotransmitter content, the receptor system, innervation, the 
effector-transducer systems, and the cellular components that 
are affected by autonomic stimulation (Fig. 50-4). These changes 
affect the strategies that can be utilized to successfully manage 
the sequelae of congenital heart disease.

A second approach to children with suspected congenital 
heart disease is based on risk stratification. Regardless of the 
anatomic defects, the physiologic consequences necessitating 
medical intervention, surgical intervention, or both, fall into 
three broad categories: heart failure, hypoxemia-hypoxia, and 
risk of pulmonary vascular disease. Stratifying these risks is 
useful in predicting prognosis and for therapeutic decision 
making.

Heart failure is defined as the inability of the heart to supply 
an adequate cardiac output to meet the aerobic metabolic 
demands of the body, including those incurred by growth. An 
alteration in one or more physiologic determinants of ventricu-
lar function—preload, afterload, contractility, and heart rate or 
rhythm—can adversely affect cardiac performance beyond the 
compensatory mechanisms, particularly in fetuses or newborn 
infants, where cardiac function occurs much higher (and hence 
less efficiently) on the Frank-Starling curve because of matura-
tional aspects. As a physiologic consequence, fetuses and infants 
are more dependent on mechanisms that increase heart rate 
rather than those that increase stroke volume to increase cardiac 
output in response to increased metabolic demands. Heart 
failure occurs in patients with significant left-to-right shunts. By 
increasing pulmonary blood flow, tachypnea ensues. Concomi-
tantly, a decrease in systemic blood flow results, albeit undetect-
able by conventional physical examination or blood pressure 
measurements. Nonetheless, this decrease is sufficient to stimu-
late the sympathetic nervous system, resulting in an increase in 
heart rate. Infants with congestive heart failure due to congeni-
tal heart disease will invariably be tachypneic and tachycardic 
without a loss in ventricular function. However, these increases 
in respiratory and heart rates both increase the body’s metabolic 
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A. Pathophysiology

B. Repair (palliative)

Right ventricular
hypertrophy

Interrupted
aortic arch

Oxygenated
blood flows 
to upper body

Beginning
closure of
patent ductus
arteriosus

Deoxygenated
blood flows to
lower body
(cyanosis)

Differential
cyanosis

As ductus arteriosus
closes, pulmonary
volume overload
occurs; increased
left ventricular flow
is shunted through
ventricular septal
defect thus
compounding
pulmonary
volume overload.

Aortic arch reconstruction

Oxygenated blood
flows to entire body
through anastomosis.

Ductus arteriosus
divided and
oversewn

Left-to-right
shunt reduced

Ventricular
septal defectPulmonary

artery banded

figure 50-1 Interrupted aortic arch. A, Pathology. B, Surgical 
technique consisting of aortic arch reconstruction 
and pulmonary artery banding, demonstrating 
complex manipulation of hemodynamics, including 
pulmonary blood flow.

figure 50-2 Transposition of the great arteries; technique 
shown is used to promote venous mixing while 
awaiting surgical repair.
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needs. An increased amount of energy, and thus a dispropor-
tionate proportion of the energy from caloric intake, is required 
to maintain these basic metabolic needs, and failure to thrive 
results. The etiology of hypoxemia (abnormal reduction in the 
arterial oxygen tension) must be established to determine 
whether therapeutic intervention is necessary immediately. 
Hypoxia (inadequate tissue perfusion) is always a medical emer-
gency, because high morbidity and mortality are associated with 
uncorrected metabolic acidosis. Hypoxemia is most often asso-
ciated with defects characterized by right-to-left intracardiac 
shunting in which effective pulmonary blood flow is reduced. 
Pulmonary blood flow may be entirely dependent on the patency 
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figure 50-3 Tetralogy of Fallot. a, artery.
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of the arterial duct. The arterial duct begins to close shortly 
after birth, at which time the hypoxemic (and hypoxic) conse-
quences of ductal dependency manifest. Since the 1970s, phar-
macologic manipulation of the arterial duct to maintain or 
reestablish patency by constant intravenous infusion of prosta-
glandin E1 has dramatically improved the care of affected 
children by diminishing hypoxia during transport to a center 
where diagnostic and therapeutic interventions can more safely 
take place.

Defining the pathophysiology of pulmonary vascular disease 
remains an important area of research. The primary approaches 
used today involve therapeutic interventions to eliminate the 
risk factors for pulmonary vascular disease in all children identi-
fied at high risk. Three principal risk factors must be character-
ized in the assessment of congenital heart disease: increased 
pulmonary blood flow from left-to-right intracardiac or extra-
cardiac shunting (e.g., septal defect, patent arterial duct, arte-
riovenous fistula, transposition of the great arteries) (Fig. 50-5); 
increased pulmonary artery pressure from a downstream increase 
in pulmonary venous pressure or inherent increased pulmonary 
vascular resistance; and hyperviscosity as a consequence of 
hypoxemia from decreased pulmonary blood flow in right-sided 
obstructive heart lesions (e.g., tetralogy of Fallot, tricuspid 
atresia, pulmonary atresia) or from inadequate mixing (e.g., 
transposition of the great arteries).

Increased pulmonary blood flow can occur as a result of 
independent or obligatory flow, where dependency is defined 
relative to pulmonary vascular resistance (or impedance).  
For example, in children with unrestricted ventricular septal 
defects, the magnitude of the left-to-right shunting, and there-
fore pulmonary blood flow, depends on the relative difference 
between pulmonary and systemic vascular resistances (or  
impedances). As physiologic influences change this relative dif-
ference, the ratio of pulmonary to systemic flow changes pro-
portionally. Therefore, this type of shunting depends on the 
status of the pulmonary vascular bed. In contrast, in children 
with atrioventricular (AV) septal defects with unrestricted left 
ventricular (LV) to right atrial shunting via the abnormal  
left AV valve, a significant difference in the pressures 

determining this flow (e.g., LV systolic pressure compared with 
simultaneous right atrial pressure) always exists. Therefore, 
increased flow occurs across the tricuspid and pulmonary  
valves, independent of the pulmonary vascular resistance. The 
magnitude of this left-to-right shunt is modulated more by 
ventricular function than by systemic and pulmonary vascular 
resistances.

Decisions on the optimal timing for medical or surgical 
intervention depend on examining the actuarial consequences 
of three risk factors for pulmonary vascular disease: increased 
pulmonary blood flow, pulmonary vascular resistance, and 
hyperviscosity. Increased pulmonary blood flow alone contrib-
utes to the risk of development of pulmonary vascular disease, 
but the time course for irreversible pulmonary vascular changes 
is measured in years. Pulmonary hypertension due to increased 
pulmonary vascular resistance is a more significant risk, with 
irreversible changes observed in months to 1 or 2 years. Severe 
hyperviscosity states and pulmonary hypertension in children 
with cyanotic heart disease contribute to an extremely high risk 
of irreversible changes as early as 3 months of age. An optimal 
time for intervention to decrease the risk associated with the 
natural history can be determined by overlaying the risk of not 
intervening with the risks for specific medical and surgical inter-
ventions in that setting.

The severity of heart failure, hypoxemia, and the risk of 
irreversible pulmonary vascular disease therefore must be quan-
tified and will determine the appropriate course of medical and 
surgical management of congenital heart disease.

initiAl noninvASive ASSeSSMent  
of CHilDren witH CongenitAl 
HeArt DiSeASe

History

The history is critically important for children with suspected 
congenital heart disease. Because congenital heart disease is 
most often diagnosed in early infancy, a chronologic approach 
is simple but effective. The history of pregnancy, labor, and 
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figure 50-4 Innervation of heart: Schema.

delivery is often helpful (e.g., perinatal asphyxia) with age and 
developmentally appropriate attention to expected activity. For 
example, inquiry into the feeding history may be disproportion-
ately important in infants, whereas inappropriate fatigue or 
exercise tolerance may be important in older children. One issue 
that cannot be overemphasized in the pediatric age group is 
growth. Growth is a cardiovascular stress, and absence of growth 
may be the only manifestation of heart failure and therefore of 
congenital heart disease.

The family history is often benign but may alert the clinician 
to relevant issues, such as the incidence of and the genetic 

predisposition to congenital heart disease. Children born with 
certain genetic syndromes such as trisomy 21 are at much 
greater risk of having congenital heart disease, and genetic syn-
dromes therefore should compel clinicians to perform a thor-
ough cardiac evaluation. Exposures to certain medications such 
as lithium have become less prevalent as their association has 
become known to increase the risk of congenital heart disease, 
and use has therefore decreased in women of childbearing age. 
Other exposures such as alcohol and certain infections such as 
rubella are also worthwhile noting, as these do result in a higher 
rate of cardiac abnormalities in a fetus.
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figure 50-5 Pulmonary vessel complications of left-to-right 
shunts.
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Physical Examination

The cardiac examination should begin with a global assessment 
of the patient’s health. This should include a subjective assess-
ment of the child’s development, ease of breathing, and color. 
Cardiac situs (normal positioning of the heart with the point of 
maximum impulse at the midclavicular line in the fifth intercos-
tal space, dextrocardia, or an intermediate location of the heart) 
should first be established by means of palpation. Palpation 
should also serve to determine the cardiac impulse location and 
strength, which will help determine the ventricular balance of 
the circulations. The first and second heart sounds must be 
carefully identified and characterized as single or split. The 
intensity of the heart sounds should be noted. Murmurs should 
be characterized by location on the chest, loudness, position in 
the cardiac cycle, and finally by quality of the sound. Upper and 
lower extremity pulses should be palpated and compared.

The complete cardiac examination includes lung and abdom-
inal examination. Respiratory effort and rate should be noted. 
Bilateral breath sounds should be auscultated and compared. 
The liver and spleen should be palpated for size and firmness.

Children with decreased pulmonary blood flow secondary to 
congenital heart disease present clinically with cyanosis. Cyano-
sis necessitates approximately 5 g of circulating deoxygenated 
hemoglobin. In children with relative anemia, cyanosis may not 
be as obvious as expected, even in cyanotic congenital heart 
disease. Despite cyanosis, children with congenital heart disease 
often seem comfortable, without evidence of respiratory dis-
tress—an important distinction to differentiate hypoxemia as a 
consequence of a parenchymal disorder (leading to a ventila-
tion-perfusion defect of perfused but underventilated portions 
of the lungs). Children with congenital heart disease who are 
cyanotic because of obstruction to pulmonary blood flow have 
alterations in the second heart sound with a diminished or 
absent pulmonary component resulting from diminished or 
absent flow across the pulmonary valve.

The physiologic features associated with altered pulmonary 
artery hemodynamics that are discernible by physical examina-
tion can be generally ascribed to features associated with pul-
monary hypertension and decreased or increased pulmonary 
blood flow.

The physical diagnosis of pulmonary hypertension is rarely 
difficult. The cardiac examination predictably consists of a 
prominent right ventricular (RV) impulse that is either visible 
or easily palpable at the lower left sternal border or in the sub-
xiphoid area (when present with normal cardiac situs). On aus-
cultation, a single loud or narrowly split second heart sound 
with a loud pulmonary component is present. Pulmonary sys-
tolic ejection clicks are also common in severe pulmonary 
hypertension, arising from a dilated, hypertensive, proximal 
main pulmonary artery. Systolic murmurs at the lower left 
sternal border consistent with tricuspid insufficiency are some-
times present, although tricuspid insufficiency rarely results in 
a murmur that can be auscultated. In severe, long-standing 
pulmonary hypertension, a decrescendo, high-pitched, early 
diastolic murmur of pulmonary insufficiency may be present 
along the mid left sternal border. When pulmonary hyperten-
sion is accompanied by RV failure, findings of systemic venous 
engorgement are present, including hepatosplenomegaly and 
peripheral edema. Abnormal v and a waves may be found during 
examination of the neck veins.

Features associated with increased pulmonary artery flow are 
typically related to auscultatory findings from excessive flow 
crossing normal heart valves (Fig. 50-6) and pulmonary vascular 
engorgement. Because the semilunar valves have approximately 

figure 50-6 Clinical characteristics of too much pulmonary 
flow (pulmonary volume overload).
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figure 50-7 Anomalies of the ventricular septum (A) and of the right ventricular outflow tract (B). AO, aorta; 
ECG, electrocardiogram; Infund, infundibulum; LV, left ventricle; PT, pulmonary trunk; PV, pulmonary valve;  
RV, right ventricle; VSD, ventricular septal defect.
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one half the cross-sectional area of the AV valves, early diastolic 
murmurs associated with increased flow across the AV valves 
require more flow than midsystolic flow murmurs associated 
with flow across the semilunar valves. This point can be a dis-
tinguishing feature in quantifying a left-to-right shunt with 
normal ventricular function, because flow across the AV valves 
must be approximately doubled to auscultate such diastolic 
murmurs. Prominent third and fourth heart sounds (a gallop 
rhythm) may be audible from relatively enlarged ventricles due 
to recirculation of blood within the pulmonary circuit. Children 
with excessive pulmonary blood flow will have pulmonary find-
ings of increased respiratory rate and effort. They may exhibit 
crackles on lung examination.

Despite the most astute clinical efforts, the diagnosis of spe-
cific congenital heart defects by means of physical examination 
is often inadequate. For this reason, the physical examination 
should be regarded as only an initial screening procedure.

Chest Radiography

Although more sophisticated imaging modalities exist to provide 
anatomic and physiologic information regarding the pulmonary 
circulation and the possibility of congenital heart disease, chest 
radiography is still used routinely as a screening method to 

determine the status of the pulmonary vasculature, pulmonary 
parenchyma, and cardiac situs, size, and morphology. Although 
its role in cardiopulmonary assessment when compared with 
echocardiography is often challenged, the availability, speed, 
and usefulness of a screening chest x-ray in providing informa-
tion about pulmonary features mean that its future as an imaging 
modality remains secure.

Evaluation of pulmonary hemodynamics by chest radiogra-
phy includes assessment of pulmonary ventilation and perfusion. 
Evaluation of perfusion by pulmonary vasculature assessment in 
chest radiographs is useful to distinguish the pathophysiology 
of altered pulmonary hemodynamics in children with congenital 
heart disease. For example, specific diagnostic entities can be 
considered by evaluating the pulmonary vascularity. Pulmonary 
vascularity on a posteroanterior chest radiograph can be classi-
fied as normal, increased (Fig. 50-7A), decreased (Fig. 50-7B), 
or abnormally redistributed, and for such classification each 
lung field must be compared with the other fields. For pulmo-
nary arterial vasculature to be identified as increased by chest 
radiography, an increase in pulmonary blood flow of approxi-
mately 100% is required. This can help in the evaluation of 
children with left-to-right shunting and correlate physical 
examination findings. Pulmonary edema presents a distinctive 
pattern of haziness in the lung fields that warrants immediate 
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heart. This expanded understanding of cardiac development 
may allow interventions to augment specific structural and  
functional deficiencies and to prevent maldevelopment of the 
human heart.

ADDitionAl reSourCeS

American Heart Association [home page on the Internet]. Available at: 
<http://www.americanheart.org/>; Accessed 17.02.10.

Official website of the American Heart Association. Has a useful section for  
physicians and parents devoted to cardiovascular issues affecting children.

Anderson RH, Baker EJ, Penny D, Redington A, et al, eds. Paediatric 
Cardiology. 3rd ed. London: Churchill Livingstone; 2009.

A comprehensive textbook of congenital heart disease that incorporates the interna-
tional contributions to the standard of care.

Cardiology in the Young, Cambridge: Cambridge University Press.

Cardiology in the Young is a journal devoted to cardiovascular issues affecting the 
young and the older patient suffering the sequels of congenital heart disease or other 
cardiac diseases acquired in childhood. By design, it is international and multidis-
ciplinary in its approach.

Rudolph AM. Congenital Diseases of the Heart: Clinical-Physiological Consider-
ations. Hoboken, NJ: Wiley-Blackwell, 2001.

Classic reference initially published in 1974 that emphasizes the transitional 
changes in physiology from the fetal to postnatal states.

EvidEncE

Bailliard F, Hughes ML, Taylor AM. Introduction to cardiac imaging 
in infants and children: techniques, potential, and role in the imaging 
work-up of various cardiac malformations and other pediatric heart 
conditions. Eur J Radiol. 2008;68:191–198.

Provides an overview of an important and expanding imaging modality for 
both morphologic and physiologic characterization of the patient with congenital 
heart disease.

Ha B, Henry W, Lucas C, et al. Pulmonary artery blood flow  
and hemodynamics. In: Howe TC, ed. Advances in Hemodynamics 
and Hemorheology. Vol 1. Greenwich, CT: Jai Press; 1996:230–324.

Provides an essential discussion regarding the geometric maturational changes 
and the derivative effects on physiology.

Hoffman JIE. Incidence, mortality and natural history. In: Anderson 
RH, Baker EJ, Macartney FJ, et al, eds. Paediatric Cardiology. 2nd ed. 
London: Churchill Livingstone; 2002:111–139.

An insightful overview of the relevant history of the natural history of congeni-
tal heart disease, an area of surprising paucity of longitudinal data.

Long WA, Henry GW, Llanos AJ. Autonomic and central neuroregula-
tion of fetal cardiovascular function. In: Polin RA, Fox WW, eds. Fetal 
and Neonatal Physiology. 2nd ed. Philadelphia: WB Saunders; 1998:
943–961.

This chapter provides an overview of maturational changes that serve as the 
predicate for physiologic changes expressed in the transitional circulation from 
the fetal to postnatal state.

investigation about etiology, because this finding is associated 
with significantly increased morbidity and mortality.

Diminished pulmonary vasculature typically represents 
obstruction of blood flow to the lungs and is an ominous radio-
graphic finding in newborns. Central dilation and peripheral 
pruning of pulmonary arterial vessels are noted in more advanced 
pulmonary vascular disease and are most often found with evi-
dence for RV hypertrophy as defined by retrosternal filling on 
the lateral chest radiograph with the cardiac silhouette.

Specific assessment of the size of the main pulmonary artery 
is possible by means of the chest radiograph. Because the pul-
monary artery is thin walled, it dilates readily when exposed to 
increased flow or pressure. Dilation of the main pulmonary 
artery is readily visible on the chest radiograph, and differentiat-
ing radiographic features are then sought to determine the 
physiologic etiology. Conversely, a concavity in the mediastinal 
silhouette may be reflective of a hypoplastic pulmonary artery, 
as seen in patients with tetralogy of Fallot. Evaluation of lung 
ventilation by assessment of conducting airways and lung paren-
chyma, including lobar and lung volumes, provides information 
about pulmonary physiology.

Evaluation of the cardiac situs and chamber enlargement by 
cardiac contour evaluation can greatly aid in the assessment of 
altered pulmonary hemodynamics. Because the right ventricle 
is affected by altered pulmonary hemodynamics, attention  
must be given to changes in shape and size. However, chest 
radiography is less sensitive and specific in defining changes in 
RV function than is evaluation of the amount of pulmonary 
perfusion.

Additional noninvasive assessment of children with congeni-
tal heart disease includes application of echocardiographic tech-
niques (Chapter 51) and cardiac magnetic resonance imaging 
(CMR). Less frequently, an invasive approach involving cardiac 
catheterization is required (Chapter 52).

future DireCtionS

Today the clinical evaluation of children with suspected con-
genital heart disease focuses on optimizing diagnosis and treat-
ment, and on including fetuses as patients. CMR, the most 
recent emerging imaging modality, is an important advance in 
the evaluation of children with congenital heart disease. As a 
noninvasive tool, CMR provides anatomic and physiologic 
information that echocardiography and catheterization alone do 
not provide. New techniques such as CMR-guided interven-
tional catheterization procedures are being performed and have 
in many cases made traditional open heart surgery procedures 
unnecessary. In the future, the clinical focus will also include 
the prevention of congenital heart disease through a more com-
plete understanding of the influence of cardiac development. 
Completion of the mapping phase of the human genome has 
resulted in accelerated investigations into the control and modu-
lation of gene expression in the development of the human 
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Echocardiography in Congenital  
Heart Disease

John L. Cotton

M ultipleplane cardiac imaging by echocardiography can 
noninvasively define the anatomy of the heart and great 

vessels by delineating the cardiac structures’ configuration, posi-
tioning, and spatial interrelations. The information obtained 
can be used to accurately diagnose and determine prognosis in 
complex congenital heart disease. With advances in pulsed and 
color Doppler echocardiography and improvements in the size 
and capabilities of transducers and other imaging equipment, 
pediatric echocardiography has gained rapid acceptance. In 
many pediatric cardiac tertiary care centers, echocardiography 
is the only diagnostic test performed before neonatal congenital 
heart surgery. The technology allows real-time three-dimen-
sional (3D) imaging, assessment of myocardial function, and 
precise definition of cardiac anatomy from the fetal stage 
through adulthood. For these reasons, echocardiography has 
become the standard noninvasive diagnostic imaging modality 
for pediatric cardiology.

Transthoracic multiplane imaging by two-dimensional  
(2D) echocardiography defines the anatomy of the heart and 
great vessels. Analysis of each cardiac segment allows complete 
definition of the configuration, position, and spatial interrela-
tions of cardiac structures. Because tortuous vessels may be 
difficult to define by a “slice” technology such as echocardiog-
raphy or MRI, color flow Doppler echocardiography is custom-
arily used to provide a map of blood velocity and direction  
that complements the 2D image. Small septal defects and fistu-
lous connections may be recognized only by perturbations in 
blood flow when the anomaly is too small to be visualized 
clearly. Pulsed and continuous-wave Doppler echocardiography 
provide excellent time resolution that allows precise quantifica-
tion of blood velocity. Positional and velocity information can 
be combined to assess the presence and severity of a valvular 
obstruction or insufficiency, the position and size of jets associ-
ated with septal defects, and abnormal flow in larger vessels in 
congenital lesions such as anomalous systemic and pulmonary 
venous return, coarctation of the aorta, and patent ductus 
arteriosus.

Transesophageal echocardiography (TEE) allows imaging 
planes different from those obtained in a standard transthoracic 
study as well as improved visualization of cardiac structures that 
are difficult to image by transthoracic echocardiography (TTE). 
Miniaturization of transducer components now allows TEE to 
be performed in infants as small as 2.5 kg. Posteriorly located 
cardiac structures are often not well visualized by TTE but are 
almost always well visualized by TEE. In the older child or a 
child in whom there are poor transthoracic windows, TEE can 
also be useful in evaluating congenital heart disease. During 
cardiac surgery, it may be important to address specific issues 
by TEE such as anomalous pulmonary venous return, pulmo-
nary vein stenosis, or atrial baffle flows. In addition, an 

immediate intraoperative or postoperative assessment of the 
adequacy of surgical repair is possible. While these targeted 
perioperative examinations do not substitute for a complete 
preoperative transthoracic evaluation, the availability of TEE 
has been of great importance in the surgical correction of 
complex congenital heart disease.

Fetal echocardiography is the newest frontier in pediatric 
echocardiographic imaging. With the use of transvaginal trans-
ducers, detailed fetal cardiac anatomy can be seen as early as 12 
weeks of gestation. Transabdominal imaging can be performed 
by 16 weeks’ gestation, although the optimal time for fetal 
echocardiography is 18 to 24 weeks. Abnormalities detected 
then may be important in decisions for further imaging,  
chromosomal testing, or even pregnancy termination. As with 
TTE of infants, fetal echocardiography can identify intracardiac 
anatomy, blood flow across all heart valves, size and orientation 
of the great vessels, cardiac function, and cardiac rhythm. The 
order and the windows used in a fetal echocardiogram depend 
on the fetus’ position, size, and motion, and the amount of fluid 
in the uterus.

TransTHoraCiC imaging  
in PEDiaTriCs

Each pediatric echocardiography laboratory has specific proto-
cols for acquiring a complete study of cardiac anatomy in chil-
dren. Because patient cooperation is needed, all images may  
not be obtained using standardized imaging planes in young 
children and infants. Some centers use conscious sedation for 
patients under a certain age to ensure uniformity of studies. 
Another option is “video sedation”: child-friendly videos played 
to distract the patient and allow time to obtain diagnostic 
images. As long as clear pictures are obtainable, scanning can 
be performed with the patient sitting in a parent’s lap, feeding, 
or even in a stroller. This approach substantially decreases the 
number of patients who must be sedated.

The protocol for a complete study includes views from the 
four major echocardiographic windows: parasternal, apical, sub-
xiphoid, and suprasternal. Each window provides the image of 
the heart from a different angle, allowing multiple, corroborat-
ing views of the same structures. The image from each window 
begins from a standard reference view; then a sweep of the heart 
is made, first with 2D scanning and then with color Doppler. 
The color Doppler mapping defines the location for pulsed 
Doppler scanning in each plane. Once pertinent information is 
obtained, the transducer is rotated 90 degrees to perform an 
orthogonal sweep. The sonographer and the interpreting physi-
cian can reconstruct multiple 2D images into a 3D representa-
tion of cardiac anatomy.
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Cardiac function and blood flow are calculated from Doppler 
mapping and from the 2D images. For example, pulmonary and 
aortic flow are calculated from the mean velocity and diameter 
of the vessel at the area of interest as follows: 

Blood flow mean flow velocity time
cross-sectional are

= ( ) × ( )
× aa of vessel( )

Peak instantaneous gradients are calculated from a simplified 
Bernoulli equation, using peak flow velocity within the stenotic 
jet in the following formula, where V is the peak flow velocity 
measured by spectral Doppler scanning: 

Peak pressure gradient = 4 2V

This gradient is used to estimate pressures in the different 
cardiac chambers. Several different methods can be used to 
quantify left ventricular (LV) function. LV fractional shortening 
(FS) is a measurement of the percentage of change in LV 
diameter: 

FS LV end-diastolic dimension
LV end-systolic dimension
L

= −(
)

VV end-diastolic dimension( )

Ejection fraction is similarly calculated, using measured LV 
volumes.

Echocardiographic examinations are described below for 
some common congenital heart lesions, with emphasis on infor-
mation needed to plan surgical intervention and the best tech-
niques to obtain this information.

aTrial sEPTal DEfECT

TTE is often sufficient to define the size and location of an atrial 
septal defect (Fig. 51-1). Pulsed and color Doppler echocardiog-
raphy identify the direction and amount of shunting at the atrial 
level. Other findings can confirm the presence of a hemody-
namically significant shunt. For instance, right ventricular (RV) 
volume overload can produce diastolic bowing of the ventricular 
septum to the left during diastole, with the left ventricle assum-
ing an elliptical shape. Partial anomalous pulmonary veins can 
be identified by 2D echocardiography and color Doppler, and 
can be corrected at the time of surgery. Echocardiography is 
usually sufficient to define the anatomy of the atrial septum and 
pulmonary veins in infants and small children. For older chil-
dren and adults, TTE may be needed for full anatomic defini-
tion. Cardiac catheterization is not usually needed to evaluate 
atrial septal defects.

VEnTriCular sEPTal DEfECT

Multiple views are needed to visualize the entire interventricular 
septum. TTE with 2D imaging usually demonstrates the size 
and location of the interventricular communications. Color 
Doppler can be used to determine the direction of shunting 
across the ventricular septal defect (VSD) (Fig. 51-2). By mea-
suring the direction and velocity of flow across the defect with 
pulsed and continuous-wave Doppler, the pressure gradient 

across the defect can be determined. Cardiac catheterization is 
not required before surgery unless the physical and noninvasive 
findings are atypical or contradictory.

aTrioVEnTriCular sEPTal DEfECT

Echocardiography is also an important tool for the preoperative 
assessment of atrioventricular septal defects (AVSDs) (Fig. 
51-3). 2D imaging defines atrioventricular (AV) valve morphol-
ogy. If the superior bridging leaflet is divided and has attach-
ments to the crest of the ventricular septum, it is considered a 
type A valve. Straddling of central superior bridging leaflet 
attachments to a papillary muscle in the right ventricle defines 
a type B valve. If the superior bridging leaflet has no attachments 
to the crest of the interventricular septum and the valve leaflet 
is free-floating, it is considered a type C valve. Superior bridging 
leaflet septal attachments can obstruct the ventricular portion 
of the defect restricting shunting across the LV outflow tract—
either of which can obstruct aortic blood flow. Anterolateral 
papillary muscle insertions tend to be rotated counterclockwise 
in AVSDs and sit much closer to the posteromedial papillary 
muscle, which may create a “parachute”-like deformity of the 
AV valve’s left portion. This can be easily defined by echocar-
diography. Any significant length of suturing of the superior and 

figure 51-1 Atrial septal defect.
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figure 51-2 Ventricular septal defect.
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figure 51-3 Atrioventricular septal defect.
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inferior leaflets during surgical repair risks creating LV inflow 
obstruction. In the intermediate form of AVSD, it is not uncom-
mon to find shortened and immobile leaflets with thick, chordal 
attachments that limit the ability to surgically fashion a func-
tioning AV valve. Echocardiographic findings can sometimes 
anticipate this insufficiency of valvular tissue.

Color, continuous-wave, and pulsed Doppler echocardiogra-
phy assess potential gradients across the outflow tracts and show 
the direction of shunting across the septal defect. Color Doppler 
interrogation of the AV valve usually reveals some degree of 
insufficiency. A double-orifice mitral valve, present in about  
5% of AVSDs, can be identified by echocardiography. The 
usual ostium primum atrial septal defect is also well visualized 
with 2D echocardiography. The VSD component of AVSDs  
is usually single and in the inlet position; however, multiple 
defects can be ruled out with close color Doppler interrogation 
of the septum.

CoarCTaTion of THE aorTa

Echocardiography can be valuable in diagnosing coarctation of 
the aorta (Fig. 51-4). The characteristic aortic narrowing with 
a “posterior ledge” can be identified with 2D imaging but may 
be difficult to appreciate if patent ductus arteriosus is present. 

Spectral Doppler scanning may reveal a high-velocity jet at the 
coarctation site. At the distal transverse arch, antegrade diastolic 
flow can be seen. Damped pulsatile flow is seen in the thoracic 
aorta. Often some hypoplasia of the distal transverse aortic  
arch exists. 2D echocardiography can usually distinguish coarc-
tation of the aorta from interrupted aortic arch, but angiography 
may be necessary if the findings are ambiguous. It is also  
important to evaluate the patient for other anomalies that com-
monly present with coarctation of the aorta including VSDs, 
bicuspid aortic valve, mitral valve abnormalities, and subaortic 
obstruction.

TransPosiTion of THE  
grEaT arTEriEs

Echocardiography can provide a definitive diagnosis of transpo-
sition of the great arteries by demonstrating the origin of the 
aorta from the right ventricle and the pulmonary artery from 
the left ventricle. Cross-sectional imaging can determine the 
presence and size of any atrial or ventricular communications. 
Echocardiography can often define the origins of the coronary 
arteries, but considerable experience is needed to confidently 
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figure 51-4 Coarctation of the aorta.
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Box 51-1 Diagnosis of Tetralogy of Fallot

• Levels and severity of RV outflow tract obstruction
• Pulmonary valve annulus size
• Main and branch pulmonary artery size
• VSD (single vs. multiple)
• Origin of the left anterior descending coronary artery
• Aortopulmonary collaterals
• Aortic arch anatomy

RV, right ventricular; VSD, ventricular septal defect.

assess more distal branching patterns. Pulsed and color flow 
Doppler will identify a patent ductus arteriosus and delineate 
the magnitude of shunting at the atrial and ventricular levels. 
Ventricular mass and volumes can be quantified with both 2D 
and M-mode echocardiography. The shape of the interventricu-
lar septum in systole indicates the differential pressures between 
the right and left ventricles, because the septum bows toward 
the chamber with the least wall stress. In addition, the LV 
outflow tract can be interrogated with pulsed and color flow 
Doppler for signs of obstruction.

TETralogy of falloT

Diagnosis of tetralogy of Fallot requires delineation of the struc-
tures listed in Box 51-1. Because most of these structures are 
well visualized with echocardiography, many infants do not need 
catheterization before repair of tetralogy of Fallot with a patent 
main pulmonary artery and continuity between the branches 
(Fig. 51-5). The RV outflow tract is usually well visualized in a 
combination of different echocardiographic planes. The diam-
eters of the pulmonary valve annulus and proximal pulmonary 
arteries are measured from parasternal, subxiphoid, and supra-
sternal views. Careful interrogation of the ventricular septum 
using both color flow and pulsed Doppler techniques can reveal 

any additional septal defects, which are seen most often in 
patients younger than 1 year of age. Both the origins and proxi-
mal branches of the right and left coronary arteries must be 
visualized, because the origin of the left anterior descending 
coronary from the right coronary artery and the presence of a 
prominent conal branch are infrequent associations that may 
significantly influence the surgical management of RV outflow 
tract in patients who require a transannular patch. Patients with 
tetralogy of Fallot have an increased incidence of a right aortic 
arch that can be clearly demonstrated by a combination of plain 
chest radiography and TTE. Knowledge of this anomaly is criti-
cal before a staged shunt operation is considered.

Pulmonary aTrEsia

When an initial echocardiographic examination determines that 
pulmonary atresia with an intact ventricular septum is present 
(Fig. 51-6), it is essential to define the level of RV outflow tract 
obstruction and RV morphology, including the inlet, outlet, and 
trabecular components. The nature of the interatrial communi-
cation must be known to rule out existing or potential restriction 
to essential right-to-left shunting. Subxiphoid views of the 
interatrial septum demonstrate the size and position of the 
foramen ovale or septal defect. The flow dynamics across  
the atrial septum can be further defined by color flow and 
pulsed-wave Doppler. Nonpulsatile flow with a velocity in the 
range of 2 m/sec is strongly suggestive of obstructive atrial  
communication, especially if the patient has hepatomegaly and 
evidence of a low-output state.

ToTal anomalous Pulmonary 
VEnous rETurn

2D echocardiography will accurately delineate pulmonary 
venous anatomy in circumstances in which total or partial  
anomalous pulmonary venous return is present. Color and  
pulsed Doppler examinations are necessary to confirm any 
venous obstruction. Turbulent, nonpulsatile venous flow with a  
velocity of at least 2 m/sec signifies hemodynamically significant 
obstruction. The intracardiac anatomy should also be assessed  
by echocardiography, because other significant congenital 
lesions occur in approximately 30% of patients with total anoma-
lous pulmonary venous return, including patent ductus arterio-
sus, atrial isomerism, VSD, single ventricle, transposition of the 
great arteries, and systemic venous anomalies. Total anomalous 
pulmonary venous return is strongly associated with complex 
congenital heart disease and heterotaxy syndrome.
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figure 51-5 Tetralogy of Fallot.
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figure 51-6 Pulmonary atresia.

Right atrium Left atrium

Left ventricle

Transducer

Right ventricle

singlE VEnTriClE

Echocardiography is a powerful tool in defining anatomy of the 
univentricular heart (Fig. 51-7). Both interatrial and interven-
tricular communications are measured and obstructions noted 
with color-directed pulsed Doppler. If an outflow chamber 
(hypoplastic ventricle) is found to communicate with a dominant 
ventricle via a bulboventricular foramen (VSD), the dimensions 
of interventricular communication must be obtained with two 
orthogonal views. With these dimensions, a prediction can be 
made about whether the connection may become obstructive. 
Doppler examination of the subarterial outflow can detect even 
mild obstruction by increased blood flow velocity. When the 
aorta arises from the hypoplastic chamber, detection of even 
mild obstruction is particularly important because of the danger 
that subaortic obstruction will develop. Hence, serial studies are 
necessary, particularly following interventions that reduce  
ventricular preload or afterload (including medication use or 
surgical procedures).

AV valve anatomy is most clearly defined by echocardio-
graphic imaging, and any stenosis or regurgitation should be 
quantified via color and pulsed Doppler flow imaging. In patients 
with a pulmonary artery band, echocardiography can evaluate 
the band position, morphology of the proximal pulmonary 
artery branches, and gradients at either level.

Ventricular function can be estimated using echocardiogra-
phy, but the accuracy of echocardiography in this circumstance 
may be limited by nonuniform ventricular geometry, particu-
larly in patients with a single morphologic right ventricle. 
Because of large differences in preload and afterload in patients 
with a single ventricle, measures of contractility that are less 
load-independent, such as the velocity of circumferential fiber 
shortening, are of greater value than a simple ejection fraction. 
However, even these indices are not reliable with subaortic 
obstruction or when the ventricular geometry does not conform 
to a prolate ellipsoid, and alternate means for assessing ventricu-
lar function (MRI or radionuclide ventriculography) are some-
times needed. A reliable means for assessing ventricular function 
serially is needed to optimally time the stages of surgical cor-
rection and/or palliation.

fuTurE DirECTions

Refinements in pediatric echocardiographic techniques produce 
a highly accurate picture of the anatomy and evolving physiol-
ogy of congenital cardiac lesions. For many straightforward 
lesions, invasive studies may be eliminated entirely. Even for 
complex lesions requiring cardiac catheterization, advances in 
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figure 51-7 Hypoplastic left heart.
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echocardiography have reduced the number of cardiac catheter-
izations needed in a patient’s lifetime. As technology has evolved, 
the future direction of pediatric echocardiography has shifted 
toward 3D imaging and evaluation of myocardial performance. 
Real-time 3D imaging allows visualization of complex cardiac 
anatomy, removing the limitations of standard imageing planes. 
It is becoming an important tool in quantitative assessment of 
ventricular function. Other new techniques including Doppler 
tissue imaging, integrated backscatter analysis, and myocardial 
speckle tracking are being developed as monitoring tools  
for serial assessment of myocardial function. These advances  
are expanding the uses of pediatric echocardiography and  
are closely interrelated with the evolution of cardiac surgery 
toward the repair of increasingly complex lesions at increasingly 
younger ages.

aDDiTional rEsourCEs

American College of Cardiology [home page on the Internet]. Available at: 
<http://www.acc.org>; Accessed 16.02.10.

An organization dedicated to quality cardiovascular care. Includes patient educa-
tion, research promotion, and development and application of standards and guide-
lines for adult and pediatric cardiac care.

American Society of Echocardiography [home page on the Internet].  
Available at: <http://www.asecho.org>; Accessed 16.02.10.

An organization committed to excellence in cardiovascular ultrasound and its 
application to patient care. Multiple guidelines for utilization of echocardiography 
are included.

Lai W, Geva T, Shirali GS, et al. Guidelines and Standards for Performance 
of a Pediatric Echocardiogram: a report from the Task Force of the  
Pediatric Council of the American Society of Echocardiography. J Am Soc 
Echocardiogr. 2006;19:1413–1430.

Describes indications for pediatric TTE; defines optimal instrumentation and labo-
ratory setup for pediatric echocardiographic examinations; establishes an examina-
tion protocol that defines necessary echocardiographic windows and views and a 
baseline list of recommended measurements to be performed in a complete pediatric 
echocardiogram; and discusses reporting requirements and formatting of pediatric 
reports.

EvidEncE

George B, Disessa TG, Williams RG, et al. Coarctation repair without 
catheterization in infants. Am Heart J. 1987;114:1421–1425.

Showed that coarctation of the aorta and associated lesions can be diagnosed 
accurately by 2D echocardiography, permitting proper patient management 
without the risk of cardiac catheterization.

Leung MP, Mok CK, Hui PW. Echocardiographic assessment of  
neonates with pulmonary atresia and intact ventricular septum. J Am 
Coll Cardiol. 1988;12:719–725.

In this prospective study, neonates with pulmonary atresia and intact ventricu-
lar septum underwent detailed 2D echocardiographic examination before 
cardiac catheterization. The results suggest that in neonates with pulmonary 
atresia and intact ventricular septum, preoperative evaluation by echocardiog-
raphy is usually sufficient for management, and cardiac catheterization should 
be reserved for selected cases.

Pasquini L, Sanders SP, Parness IA, Colan SD. Diagnosis of coronary 
artery anatomy by two-dimensional echocardiography in patients with 
transposition of the great arteries. Circulation. 1987;75:557–564.

Showed that echocardiography seemed highly reliable for determining proximal 
coronary artery anatomy in patients with transposition of the great arteries 
before cardiac surgery.

Santoro G, Marino B, Di Carlo D, et al. Echocardiographically guided 
repair of tetralogy of Fallot. Am J Cardiol. 1994;73:808–811.

Compared patient outcomes after repair of tetralogy of Fallot with echocardiog-
raphy alone versus those who underwent cardiac catheterization. Concluded 
echocardiography evaluation alone was adequate for patients with uncompli-
cated forms of tetralogy of Fallot for primary repair.

Tworetzky W, McElhinney DB, Brook MM, et al. Echocardiographic 
diagnosis alone for the complete repair of major congenital heart  
defects. J Am Coll Cardiol. 1999;33:228–233.

Showed that echocardiography alone is an accurate tool for preoperative diag-
nosis of most major congenital heart defects in children undergoing primary 
complete repair and may obviate the need for routine catheterization.

Zellers TM, Zehr R, Weinstein E, et al. Two-dimensional and Doppler 
echocardiography alone can adequately define preoperative anatomy and 
hemodynamic status before repair of complete atrioventricular septal 
defect in infants <1 year old. J Am Coll Cardiol. 1994;24:1565–1570.

Assessed the ability of echocardiography, without cardiac catheterization, to 
evaluate infants younger than 1 year of age for complete open-heart repair of 
complete balanced atrioventricular septal defect. Concluded that these patients 
can safely undergo surgical correction of this defect on the basis of echocardio-
graphic-Doppler data alone.
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Catheter-based Treatment of  
Congenital Heart Disease

Elman G. Frantz

T he goals and techniques of cardiac catheterization for 
patients with congenital heart disease have evolved rapidly. 

Catheter-based interventional procedures have become increas-
ingly routine, and as noninvasive imaging techniques have 
improved, these procedures are now performed more frequently 
than invasive, catheter-based diagnostic procedures. Sometimes 
interventional procedures are complementary to surgery, elimi-
nating the need for early operation in a growing child or the 
need for reoperation after primary surgical correction. Increas-
ingly, however, these catheter-based treatments are replacing 
open-chest surgical procedures, reducing length of hospitaliza-
tion, cost, and patient discomfort.

Balloon aTrial SepToSTomy

The procedure described by Rashkind remains the basis of 
balloon atrial septostomy as it is performed today, albeit with 
advances in imaging and catheter design. A large balloon is 
passed transvenously across the foramen ovale and pulled force-
fully across the atrial septum, tearing the thin tissue in the floor 
of the oval fossa and thereby creating a larger atrial septal defect 
(ASD) and improving intracardiac mixing and systemic oxygen 
delivery (Fig. 52-1). Although prostaglandin and early surgery 
have reduced the need for balloon atrial septostomy in many 
infants, it remains a lifesaving palliative procedure for some. 
Indeed, today balloon atrial septostomy is routinely safely and 
effectively performed at the bedside under echocardiographic 
guidance.

Balloon ValVuloplaSTy

Pulmonary Stenosis

Balloon pulmonary valvuloplasty has become the standard of 
care for pulmonary stenosis. This procedure is indicated for 
symptomatic infants and for older children with systolic pres-
sure gradients exceeding 30 mm Hg. After hemodynamics and 
angiography, an end-hole catheter and wire are placed transve-
nously across the stenotic valve. A balloon catheter with a diam-
eter 20% to 40% greater than the diameter of the valve annulus 
is inflated until a “waist” is seen to disappear (Fig. 52-2). Balloon 
pulmonary valvuloplasty provides similar relief of right ven-
tricular outflow tract obstruction, produces less pulmonary valve 
insufficiency, has a lower rate of complications when compared 
to surgery, and is a more comfortable and better tolerated out-
patient procedure for the patient. In the neonate with critical 
pulmonary stenosis, balloon valvuloplasty is more technically 
challenging and the complication rate is slightly higher, but 
definitive results are achieved in most patients. The long-term 
outcome is excellent except occasionally in patients with dys-
plastic pulmonary valves or in neonates with a hypoplastic valve 

annulus. The procedure can also be applied in patients with 
pulmonary atresia with an intact ventricular septum after initial 
perforation of the atretic valve.

Aortic Stenosis

Balloon aortic valvuloplasty is considered the initial treatment 
of choice for congenital aortic stenosis, albeit a palliative pro-
cedure that most commonly will have to be followed by a  
subsequent intervention at an older age. Symptomatic infants 
with critical aortic stenosis and older children with congenital 
aortic stenosis and peak systolic pressure gradients exceeding 
60 mm Hg are candidates for intervention. The valve is usually 
crossed retrograde, and an exchange wire is looped in the left 
ventricular apex. A balloon catheter with a diameter 90% to 
100% of the diameter of the valve annulus is inflated several 
times to abolish the waist formed by the valve on the balloon 
(Fig. 52-3). Reductions of 50% to 70% of the initial pressure 
gradient are typical. Many patients require repeat intervention 
within 5 to 10 years of undergoing the procedure. Fewer than 
half will require surgical aortic valve replacement after 10 years 
of follow-up. Catheter and surgical intervention are equally 
effective in relieving the obstruction with a similar incidence of 
important aortic insufficiency, repeat intervention, valve replace-
ment, and mortality.

Balloon angioplaSTy anD  
STenT plaCemenT

Pulmonary Artery Stenosis

Peripheral pulmonary artery stenosis is a common residuum of 
surgical reconstruction and is difficult to treat surgically. Despite 
suboptimal results, angioplasty (rather than stent therapy) is the 
initial procedure of choice, particularly in smaller growing 
patients. A balloon catheter with a diameter up to four times the 
diameter of the stenosis and up to 50% larger than the nearby 
“normal” vessel is used. Often the waist on the balloon will 
disappear, but the stenosis will be incompletely relieved. Replac-
ing low-pressure balloons with high-pressure balloons has 
improved outcomes, but restenosis remains a limitation. Cutting 
balloons have produced encouraging early results in smaller 
vessels.

Balloon-expandable stents represent a major advance over 
angioplasty in the treatment of pulmonary artery stenosis. The 
use of stents has improved the acute success rate and results in 
a greater increase in arterial diameter than does angioplasty 
alone. The stent is mounted and hand-crimped onto a high-
pressure balloon dilation catheter. The stent-balloon complex 
is then advanced over a wire through a long large-caliber sheath 
positioned across the stenosis. After positioning of the stent and 
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Figure 52-1 Balloon atrial septostomy for transposition of the great arteries.

2. Balloon inflated1. Balloon-tipped catheter introduced into
 left atrium through patent foramen ovale

3. Balloon withdrawn producing large
 septal defect

4. Large septal defect allows mixing of 
 oxygenated and deoxygenated blood

Figure 52-2 Pulmonary valvular stenosis and atresia.

A B C
(A) The anatomic features of congenital pulmonary stenosis and atresia are illustrated. (B) A lateral-view right ventricular angiogram in a neonate with 
critical pulmonary valve stenosis shows the doming valve with an annulus diameter of 5.9 mm and a tiny poststenotic jet. (C) A lateral view of an 
8-mm-diameter balloon dilation catheter fully inflated across the annulus. The balloon has been passed over a guide wire that had been placed across the 
ductus to the descending aorta.

Stenotic pulmonary valve viewed 
from above: Poststenotic dilatation 
of pulmonary trunk

Complete atresia of 
pulmonary valve
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test angiograms, the stent is expanded by inflating the balloon 
(Fig. 52-4). The main limitation to the use of stents is patient 
size. Although modest further expansion of stents is possible 
later, placing a stent in a small child is technically challenging 
and often commits that child to surgery in the future. Improve-
ments in stent design have facilitated the delivery of stents to 
remote sites, but stents less than 6 to 8 mm in final diameter 
frequently develop stenosis or local thrombosis.

Coarctation of the Aorta

Native coarctation of the aorta is a congenital discrete  
stenosis of the juxtaductal aorta. In the critical neonatal form, 
it is often associated with proximal aortic hypoplasia (Fig. 
52-5). Recurrent aortic coarctation may develop after surgery, 
particularly after neonatal repair. Balloon coarctation angio-
plasty is well accepted for children with recurrent coarctation, 
because repeat surgery is associated with significant morbidity. 
However, angioplasty for native coarctation is less widely 

B

A

C

(A) The anatomic features of congenital bicuspid aortic valve stenosis and congenital aortic valvular 
stenosis are illustrated. (B) A lateral-view left ventricular angiogram shows the doming aortic valve 
with a valve annulus diameter of 9.6 mm and poststenotic dilation of the ascending aorta.
(C) Anteroposterior view of a 9-mm-diameter balloon dilation catheter fully inflated across the 
annulus. The balloon has been passed over a guide wire that had been placed retrograde across the 
valve and looped in the left ventricular apex.

Congenital aortic valvular stenosis

Congenital bicuspid aortic valve

Figure 52-3 Congenital aortic stenosis.

accepted because of concerns about restenosis and aneurysm 
development.

A high-pressure balloon dilation catheter with a diameter 
two to four times the coarctation diameter but not more than 
2 mm greater than the diameter of the proximal aorta is passed 
over the wire and inflated several times until the waist is abol-
ished. Follow-up pressures and angiography are performed  
to ensure adequate relief of obstruction and no dissection or 
aneurysm development (see Fig. 52-5). Balloon angioplasty for 
recurrent coarctation achieves a residual coarctation gradient of 
less than 20 mm Hg in 80% to 90% of cases and carries a low 
risk of complications. The success of balloon angioplasty for 
native coarctation is generally good except in small infants. 
Predictors of restenosis are young age, a hypoplastic arch, a 
coarctation diameter less than 3.5 mm, and a postdilation gradi-
ent greater than 20 mm Hg. In contrast to early reports, recent 
experience suggests a low incidence of aneurysm development, 
similar to the rate observed after surgical repair. Increasingly, 
balloon angioplasty for native coarctation is offered as an 
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Figure 52-4 Pulmonary artery stenosis.

A. An anteroposterior pulmonary arteriogram in 
a patient with long-segment left pulmonary 
artery stenosis after a Glenn procedure for 
hypoplastic left heart syndrome.

B. A stent is mounted on a balloon filled with 
dilute contrast and expanded.

C. An anteroposterior arteriogram after stent 
placement showing excellent relief of the 
long-segment stenosis.

Figure 52-5 Coarctation of the aorta.

(Adult)
postductal type

(Infant; 1 month) 
preductal type

B. A balloon dilation 
catheter fully inflated in the 
site of narrowing, guided by 
a wire looped in the 
ascending aorta. 

C. Follow-up aortogram 
showing marked 
improvement in the caliber 
of the aorta in the site of 
coarctation, without 
aneurysm formation or 
residual stenosis.

A. A lateral-view aortogram 
showing a recurrent aortic 
coarctation distal to the left 
subclavian artery.

E. A stent is mounted on a 
balloon and positioned in 
the area of the coarctation.

F. An aortogram after stent 
placement showing relief of 
the coarctation and “flaring” 
of the distal stent to oppose 
the aortic wall.

D. An aortogram showing a 
nondiscrete native 
coarctation.
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alternative to surgery in patients older than 6 months of age or 
weighing more than 8 kg.

Improvements in intravascular stent design and delivery have 
led to the increased use of stents in the treatment of recurrent 
and native coarctation in older patients, particularly those with 
long-segment coarctation (see Fig. 52-5). Stenting allows a 
more controlled expansion of the aortic wall and often has a 
more predictable outcome than angioplasty. As is the case for 
other lesions, in the growing child, stent placement incurs a 
significant risk of subsequent stent stenosis. In addition, the 
required large-caliber sheath may injure the femoral artery. For 
this reason, stents have been used primarily in nearly full-grown 
patients, many of whom have undergone multiple surgical pro-
cedures. In this setting, excellent results have been achieved.

TranSCaTHeTer CloSure oF 
CongeniTal SHunTS

Persistent Ductus Arteriosus

Although the ductus arteriosus is a necessary vascular channel 
in fetal life, the postnatally persistent arterial duct can cause 
congestive heart failure, pulmonary hypertension, or endarteri-
tis. When the clinically significant ductus persists beyond 

Figure 52-6 Patent ductus arteriosus.

Aorta

The internal anatomy of a typical “type A” ductus arteriosus, demonstrating the conical 
aortic ampulla and narrowing near the pulmonary end, making coil placement feasible

Ductus
arteriosus

L. pulmonary
artery

R. pulmonary
artery

Pulmonary
trunk

B. Follow-up lateral-view aortogram 
after snare-assisted coil delivery 
showing complete closure.

A. A lateral-view aortogram showing 
residual leakage through a patent 
ductus arteriosus that had been partially 
closed with a Rashkind umbrella 
occluder years previously. Three 
platinum markers can be seen on the 
aortic umbrella of the Rashkind device.

C. Lateral aortogram showing a typical 
conical ductus opacifying the 
pulmonary artery.

D. An Amplatzer Duct Occluder has 
been delivered through a long 
transvenous sheath and a test 
angiogram confirms proper position.

E. A final aortogram after release of the 
occluder shows complete closure.

infancy, it should be closed to prevent such morbidity. Surgical 
thoracotomy with ligation and division of the ductus is extre-
mely safe and effective but involves hospitalization, pain, and a 
scar and occasionally leads to scoliosis. In recent years, percu-
taneous endovascular closure using Gianturco spring coils has 
become routine (Fig. 52-6). These preformed, stainless-steel 
coils of varying caliber, diameter, and length have attached 
strands of Dacron to increase their thrombogenicity. The usual 
conical or tubular ductal morphology allows placement of a 
Gianturco coil with a loop diameter at least twice the smallest 
diameter of the ductus, leaving most of the loops and coil mass 
within the aortic ampulla. Modifications of the technique allow 
delivery of coils antegrade, retrograde, “freehand,” or assisted 
by a snare or a bioptome through 4 French delivery catheters. 
This coil closure method typically achieves complete closure of 
smaller ducts with minimal complications as an outpatient pro-
cedure without general anesthesia.

Another occlusion device, the Amplatzer Duct Occluder 
(AGA Medical Corp., Plymouth, MN), is superior to coils for 
transcatheter closure of the larger ductus (see Fig. 52-6). The 
Amplatzer Duct Occluder is a mushroom-shaped plug of nitinol 
wire mesh with polyester fabric patches sewn into the frame-
work. The device attached to its delivery cable is delivered 
through 5 to 7 French sheaths in a controlled fashion. When 
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Figure 52-7 Atrial septal defects.

Aorta
Pulmonary trunk

R. auricleSuperior vena cava

The three most common anatomic 
subtypes of atrial septal defects are illustrated. 
The sinus venosus and common atrium types 
require surgical correction because of the lack 
of septal rims to anchor a device and/or the 
proximity to vital structures.

Ostium secundum defect

Superior vena cava

Sinus venosus defect

Anomalous R. upper lobe
pulmonary veins
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Common atrium

Crista terminalis

R. superior 
pulmonary vein
Atrial septal 
defect
R. inferior 
pulmonary vein
Remnant of 
septum primum
Coronary sinus

Valve of 
inferior vena cava
Inferior vena cava

the device is deployed, the outer walls of the expanded plug 
“stent” the lumen of the vessel, securing the device in position 
and achieving complete closure.

Atrial Septal Defect

Deficiencies of the interatrial septum involve all regions of the 
septum. All but the most common secundum defects require 
surgical correction (Fig. 52-7). Unrepaired ASDs can lead to 
pulmonary hypertension, atrial arrhythmias, or right heart 
failure. Defects large enough to produce right heart enlarge-
ment should be closed early in life to preempt these morbidities. 
Transcatheter closure of ASDs has become one of the most 
recognized and effective catheter-based procedures because of 
its widespread application and replacement of the need for expo-
sure to cardiopulmonary bypass.

The Amplatzer Septal Occluder (AGA Medical Corp.) is  
the first implantable cardiac device approved specifically for use 
in children, and it has been widely used for a decade. It is a 
self-expanding, double-disk nitinol frame with a central waist 
sized to “stent” the atrial septal rims and polyester patches sewn 
into the frame to aid endothelialization and closure (Fig. 52-8). 
With transesophageal or intracardiac echocardiographic moni-
toring, a balloon-sizing catheter is used to obtain the “stop-flow” 

diameter of the defect. A device with a central waist equal to the 
stop-flow diameter is selected, attached to the delivery cable, 
and loaded. The device is then delivered through a 7 to 12 
French femoral venous delivery sheath with its tip in the left 
atrium. After deployment, the device position is evaluated echo-
cardiographically. At that point, if the results are not ideal, the 
device can be recaptured, repositioned, or completely removed. 
After proper positioning is confirmed, the device is released by 
unscrewing the delivery cable. In properly selected patients, the 
Amplatzer Septal Occluder achieves complete closure with a 
very low rate of complications. The rare serious complication 
of late erosion of the atrial free wall or aortic root occurs in less 
than 0.1% of cases when proper sizing technique is used.

More recently, the Helex Septal Occluder (W.L. Gore  
and Associates, Inc., Flagstaff, AZ) has been developed and 
approved for transcatheter closure of ASDs. This occluder is a 
preassembled, circular, single-wire nitinol frame upon which a 
thin polytetrafluoroethylene patch is suspended (Fig. 52-9).

The device is delivered by sequentially “unfurling the sail” 
of the patch, forming one disk on each side of the septum.  
This occluder has the theoretical advantages of being softer and 
more compliant, with a lower profile, but it is only applicable 
to defects smaller than 18 mm in diameter, is not self-centering, 
and has a higher incidence of early residual shunts.
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The left atrial disk of the 
occluder is deployed in
the left atrium.

Once the left atrial disk and part of
the connecting waist are deployed,
the device is carefully pulled back
until the left atrial disk touches the
septum and the waist is in the septal
defect.

Occluder 
in place

The right atrial disk is deployed 
and the placement of the occluder 
is checked by echocardiography. 
Then, the device is released.

Atrial septum
Inferior vena cava

Right 
atrium

Pulmonary veins

After sizing the defect, the delivery 
sheath is used to insert the device into
the left atrium and deploy it at the defect.

Septal defect
Left atrium
Mitral valve

Tricuspid 
valve Right 

ventricle
Left 
ventricle

The Amplatzer Septal Occluder is deployed from its delivery sheath forming two disks, one for either side of the septum, 
and a central waist available in varying diameters to seat on the rims of the atrial septal defect.

Figure 52-8 Amplatzer Septal Occluder.

Figure 52-9 Depiction of a Helex Septal Occluder for catheter-based closure of atrial septal defects. (Courtesy of Gore Medical 
Products.)
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Figure 52-10 Anatomic features of perimembranous and 
muscular ventricular septal defects.

Muscular interventricular 
septal defect

Defect of membranous 
ventricular septum (viewed 
from left ventricle)

Aneurysm of 
 membranous septum

Although surgical results are excellent, these transcatheter 
techniques avoid cardiopulmonary bypass, longer hospita-
lization and recovery time, cosmetic concerns, and patient 
discomfort.

Ventricular Septal Defect

The precise anatomy of a ventricular septal defect (VSD) deter-
mines whether transcatheter closure is feasible. The proximity 
of perimembranous defects to the aortic valve and atrioventricu-
lar node makes device closure challenging (Fig. 52-10). When 
the defect is a residual of incomplete “aneurysmal” closure, it is 
more remote from these vital structures and may allow place-
ment of an occluder in selected patients. Muscular VSDs are 
often difficult to treat surgically because of their remote loca-
tion, and in this circumstance, the transcatheter method is often 
preferred. The CardioSeal Double-Umbrella Occluder (NMT 
Medical, Inc., Boston, MA) is approved for closure of these 
defects, but delivery is challenging. Recently, the Amplatzer 
Muscular VSD Occluder, with a design very similar to the ASD 
occluder, has been approved, and it can be delivered by percu-
taneous or “hybrid” perventricular approaches.

FuTure DireCTionS

Because of the “orphan” status of many congenital heart dis-
eases, the obstacles to innovation and regulatory approval by 
industry are considerable. However, continued refinements and 
advances in catheter-based therapy for congenital heart disease 
are certain. Promising preliminary outcomes are currently being 
achieved with stent-mounted pulmonary valve implants and 
with polytetrafluoroethylene-covered stents for aortic coarcta-
tions and aneurysms. So-called hybrid approaches combine sur-
gical and catheter-based techniques for hypoplastic left heart 
syndrome and complex VSDs. Fetal interventions for critical 
right- and left-sided obstructive disease are being developed. 
Miniaturization and improvements in device design will expand 
the indications to smaller patients. Despite advances in catheter-
based therapy, surgical intervention will remain the primary 
treatment method for many of the more complex forms of con-
genital heart disease.
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O ur understanding of the complexities of congenital 
heart disease, a deviation from normal cardiac anatomic 

development that affects 8 in 1000 births, has progressed 
immensely since the establishment of the Board of Pediatric 
Cardiology in 1961. Improvements in diagnostic imaging 
(including echocardiography, cardiac angiography, and mag-
netic resonance imaging) and innovations in surgical repair 
techniques have resulted in greatly improved outcomes for chil-
dren with congenital heart disease. This chapter provides a 
broad overview of the most common congenital heart lesions 
and the role of surgical interventions.

Embryologic development of the heart begins with the fusion 
of angiogenic cell clusters within the splanchnic mesoderm  
layer of the primitive embryo to form the heart tube at 18 to 21 
days of gestation. The heart begins to rhythmically contract as 
early as day 17, once functional units of the myocytes begin to 
form. Myocardial growth proceeds with segmentation and 
looping of the heart tube and cellular differentiation and migra-
tion along the embryologic axes, with the establishment of lat-
erality, and with the organization of the primitive cells into a 
sophisticated organ. Deviations from this complex process of 
cardiac development lead to congenital cardiac anomalies, with 
clinical presentations that in some cases occur in the immediate 
postnatal period and in other cases, young adulthood.

Therapy for congenital heart disease has evolved with surgi-
cal and nonsurgical innovations. The development of pediatric 
cardiac surgery has led to the survival of many children with 
complex congenital heart disease. These successes have depended 
on improved diagnoses, advances in surgical technique, and  
the development of a means for extracorporeal circulation– 
cardiopulmonary bypass (CPB). Complex repairs for previously 
fatal lesions such as transposition of the great arteries (TGA) 
and hypoplastic left-sided heart syndrome (HLHS) have become 
routine, with declining mortality rates and improved long-term 
outcomes. The development of transcatheter procedures has 
made therapeutic cardiac catheterization a viable alternative to 
surgery for specific congenital cardiac lesions (see Chapter 52).

SurgICal TreaTmenT

Many congenital heart lesions can be surgically repaired, 
meaning that approximately normal anatomy and physiology  
are established. The closure of atrial septal defects (ASDs)  
and ventricular septal defects (VSDs) can, when successfully 
accomplished in a young patient, eliminate the long-term con-
sequences of the defect. Other lesions, most notably the single-
ventricle defects, cannot be repaired but can be successfully 
palliated with operative modifications that provide a viable alter-
native cardiopulmonary physiology. These palliative operations 
can also be useful as a bridge to complete repair after a period 
of growth and development.

Palliative Surgical Procedures

The Blalock-Taussig shunt was first performed in 1944 at the 
Johns Hopkins Hospital to supply blood to the branch pulmo-
nary arteries of a severely cyanotic patient with tetralogy of 
Fallot. The shunt was created by dividing the right subclavian 
artery and directly anastomosing it to the right pulmonary 
artery. Since that time, the creation of a systemic-to-pulmonary 
artery shunt (a “BT shunt”) has been used for a variety of con-
genital heart defects with severe pulmonary artery stenosis or 
atresia as a bridge to more definitive surgical correction. The 
technique of creating a BT shunt has been modified significantly 
by the use of an interposition graft, most commonly made of 
expanded polytetrafluoroethylene (ePTFE; Gore-Tex), between 
the systemic and pulmonary vessels. The “modified BT shunt” 
operation can be performed through a lateral thoracotomy or a 
median sternotomy and can be performed on either the right or 
left. A significant development in congenital heart surgery has 
been the increasing trend toward definitive repair at an earlier 
age, including the neonatal period. For this reason, the use of 
BT shunts is decreasing, but they still remain an important tool 
for the palliation of cyanotic heart lesions.

The pulmonary artery (PA) band is an important palliative 
procedure for congenital heart lesions in which there is excessive 
pulmonary blood flow. The PA band is simply a Teflon tape 
looped around the main pulmonary trunk and tightened to 
restrict pulmonary blood flow. The PA band was originally 
developed to treat large VSDs by decreasing the left-to-right 
shunt. Currently, the PA band is used most commonly for  
single-ventricle lesions with nonrestrictive pulmonary blood 
flow. The band is used to balance the systemic and pulmonary 
circulations and to protect the pulmonary vasculature from pro-
longed exposure to high pressure, which could lead to a fixed 
increase in pulmonary vascular resistance and irreversible pul-
monary hypertension. The PA band in these patients with single 
ventricles is a bridge to eventual “Fontan physiology,” or total 
cavopulmonary blood flow. There are still some instances where 
a PA band is useful for the treatment of a VSD, most commonly 
in patients with multiple VSDs, also known as a “Swiss cheese 
septum.”

The superior bidirectional cavopulmonary anastomosis, 
often referred to as the Glenn shunt, is the second stage in the 
palliation of all or most defects of the single-ventricle type. This 
shunt involves the disconnection of the superior vena cava 
(SVC) from the right atrium and a direct anastomosis of the 
SVC to the right pulmonary artery (Fig. 53-1). This allows all 
of the systemic venous return from the upper body to flow 
directly to the lungs. The Glenn shunt is typically performed 
between 4 and 9 months of age, allowing for enough lung matu-
rity to permit this passive blood flow. Patients will not be fully 
saturated following the Glenn shunt, since the venous return 
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Figure 53-1 Norwood correction of hypoplastic left-sided heart syndrome.

Stage II
At about 6 months of age, after pulmonary vascular 
resistance falls, a bidirectional Glenn shunt is 
necessary to reduce volume load on the right 
ventricle. The previous Blalock-Taussig shunt is 
divided.

The main pulmonary artery and a 
cryopreserved aortic homograft 
create a neoaorta. Pulmonary blood 
flow is established through a 
systemic-to-pulmonary artery shunt.
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Stage I
Hypothermic cardiopulmonary bypass and right 
atriotomy are utilized to excise the interatrial 
septum. The main pulmonary artery is transected 
and a “neoaorta” is created.

from the lower body still returns to the heart to mix with the 
fully oxygenated pulmonary venous blood. Depending on the 
particular cardiac defect, the procedure may be combined with 
the removal of a BT shunt or removal of a PA band with division 
of the main pulmonary trunk from the heart. In either instance, 
the attendant decrease in the volume load on the heart is benefi-
cial to the function of the single ventricle and its long-term 
durability.

The ability of the pulmonary circulation to accept the entire 
cardiac output passively is limited and thus the rationale for 
creating total cavopulmonary circulation in two stages. The 
Glenn is performed in the first year of life, and the completion 
of the Fontan is done in the second or third year of life. There 
are two distinct techniques for completing the Fontan, the 
lateral tunnel and the extracardiac conduit. The lateral tunnel 
involves creating a tunnel inside of the right atrium that extends 
from the opening of the inferior vena cava (IVC) to the opening 
of the SVC, which is in turn connected to the right pulmonary 
artery, thus baffling all of the systemic venous return to the 
lungs. The extracardiac Fontan is created by disconnecting the 
IVC from the right atrium and sewing a graft of ePTFE from 
the open end of the IVC to the pulmonary arteries (Fig. 53-2). 
Using either strategy, a direct connection of the IVC flow to 
the lungs establishes total cavopulmonary circulation, with the 

result being that after repair, the patient should have nearly 
normal oxygen saturation.

Special Considerations for Specific  
Single-Ventricle Lesions

Tricuspid atresia is a congenital lesion with an absent right-
sided arteriovenous connection. Left ventricular preload is 
dependent on interatrial blood flow via an ASD. This lesion is 
commonly associated with transposed great vessels, and the pul-
monary artery can range anywhere from atretic to enlarged. The 
physiology of the lesion varies by the amount of pulmonary 
blood flow. The original surgical repair, the classic Fontan pro-
cedure, involved constructing a direct connection between the 
right atrium and the main pulmonary artery. Present-day con-
version to the Fontan circulation usually requires a two-stage 
surgical approach after early palliation. The initial palliation 
may involve a BT shunt for lesions that include pulmonary 
stenosis or a PA band for those with a normal pulmonary artery 
and excessive blood flow. A Glenn shunt is then created between 
4 and 9 months of life, followed by the Fontan procedure, which 
is performed between 12 months and 3 years of age.

HLHS is a congenital lesion with univentricular physiol-
ogy. HLHS generally involves a diminutive nonfunctional left 
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Figure 53-2 Norwood correction of hypoplastic left-sided heart 
syndrome: Fontan circulation. IVC, inferior 
vena cava.
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ventricle that results from stenosis or atresia in both the mitral 
and aortic valves as well as hypoplasia of the ascending aorta. 
Systemic blood flow is ductal dependent, and the appearance of 
symptoms in the neonatal period usually correlates with spon-
taneous closure of the ductus arteriosus. Early management with 
prostaglandin E1 to maintain ductal patency is life sustaining. 
The appropriate balance between pulmonary and systemic 
blood flow (Qp/Qs) is critical. The most common neonatal pal-
liative approach is the Norwood procedure, in which a “neo-
aorta” is created by performing an aortopulmonary connection, 
then augmenting the hypoplastic ascending aorta with a homo-
graft patch. A systemic-to-pulmonary shunt is required for pul-
monary blood flow, and an atrial septectomy is always performed 
to permit unobstructed flow of left atrial blood through the 
tricuspid valve to the right ventricle (see Figs. 53-1 and 53-2). 
The surgery is usually performed during the neonatal period 
and carries a 20% to 30% risk of mortality. The Norwood 
procedure is followed by a bidirectional Glenn shunt at 4 to 6 
months of age and a Fontan procedure at 2 to 3 years of age.

SurgICally CorreCTable leSIonS

Patent Ductus Arteriosus

Patent ductus arteriosus describes postnatal persistence of a 
normal fetal vascular connection between the main pulmonary 

trunk or proximal left pulmonary artery and the descending 
thoracic aorta. This anomaly accounts for 10% of congenital 
heart lesions. In full-term infants, the ductus arteriosus is usually 
functionally closed by 10 to 15 hours after birth. Persistent 
blood flow through the ductus arteriosus is often associated with 
other congenital anomalies, and depending on the vascular con-
nections, pulmonary blood flow may be dependent on patency 
of the ductus, as in lesions with right ventricular (RV) outflow 
tract obstruction. In this case, the vessel may be kept open with 
prostaglandin E1 therapy until a BT shunt is surgically created. 
When no other associated anomalies exist and ductus closure 
has not occurred after medical therapy with indomethacin for 
48 to 72 hours, direct surgical ligation or division via a left 
posterolateral thoracotomy or, alternatively, catheter-based 
device closure is indicated. Surgical closure before 10 days of 
age reduces the duration of ventilatory support, the length of 
hospital stay, and overall morbidity.

Ventricular Septal Defects

VSD is the most common congenital cardiac anomaly, occur-
ring in 20% of patients with congenital heart disease. An inter-
ventricular communication occurs with the failure of the tissue 
ridges to fuse during formation of the septum. VSDs are tradi-
tionally classified as perimembranous, muscular, and doubly 
committed subarterial. Perimembranous and muscular VSDs 
are further classified on the basis of anatomic location as inlet, 
outlet, or trabecular. Of surgically repaired defects, 80% are 
perimembranous. The degree of shunting is quantified by the 
ratio of flow through the pulmonary circulation relative to the 
systemic circulation, the Qp/Qs. When this ratio is greater than 
1.5 : 1, surgical closure is indicated. The primary indications for 
closure, however, are symptoms of congestive heart failure and 
failure to thrive. Other indications for closure include develop-
ment of aortic valve insufficiency or endocarditis, both of which 
can be caused by the abnormal flow through the VSD. Untreated, 
a VSD can cause persistent elevation of pulmonary vascular 
resistance and irreversible changes to the pulmonary vasculature 
(see Chapter 50). Ultimately, patients can develop Eisen-
menger’s complex, where the shunt through the VSD is reversed, 
with the subsequent right-to-left flow resulting in profound 
cyanosis. Surgical repair is performed by means of a median 
sternotomy and hypothermic CPB. The majority of defects  
are exposed through a right atrial incision and retraction of  
the tricuspid valve leaflets (Fig. 53-3). Subarterial VSDs are 
approached through the pulmonary trunk, and muscular VSDs 
located near the apex of the heart are exposed through a ven-
tricular incision. With a few exceptions, the defect is closed with 
a patch using either running sutures or, as depicted in Figure 
53-3, interrupted pledgeted sutures.

Atrial Septal Defects

An interatrial communication accounts for 10% to 15% of con-
genital cardiac anomalies. The term atrial septal defect refers to 
a spectrum of anomalies that are broadly classified into three 
categories: oval fossa or secundum defects, defects of the ostium 
primum also known as partial atrioventricular septal defects (partial 
AVSDs), and sinus venosus defects. Each type of ASD is unique. 
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Figure 53-3 Transatrial repair of ventricular septal defect (VSD).
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The oval fossa defect is by far the most common (80% to 85%), 
and the indication for closure is excessive left-to-right shunting 
with a Qp/Qs greater than 1.5 : 1 or significant enlargement of 
the right heart. The majority of oval fossa defects can be closed 
using a transcatheter device (see Chapter 52). If the defect 
cannot be closed with a device, it can be closed surgically either 
with a patch or by direct suture (Fig. 53-4, upper panel). Sinus 
venosus ASDs result from an overriding SVC that causes an 
atrial communication superior to the true atrial septum. The 
vast majority of sinus venosus ASDs are associated with anoma-
lous pulmonary venous drainage (95%) and so cannot be closed 
by a device. A transatrial repair must include baffling the anoma-
lous pulmonary venous drainage into the left atrium (Fig. 53-4, 
lower panel). The partial AVSD must also be closed surgically, 
since the inferior edge of these defects is the atrioventricular 
valve, and currently available devices would cause valvular dys-
function. Additionally, nearly all partial AVSDs involve a cleft 
in the anterior leaflet of the mitral valve, which requires simul-
taneous repair (Fig. 53-5).

Atrioventricular Septal Defects

AVSDs are defects involving deficiencies in the AV septum and 
abnormalities of the AV valves (mitral and tricuspid), sometimes 
referred to as “endocardial cushion defects.” AVSDs account for 
4% to 5% of cases of congenital heart disease. There is a wide 
spectrum of lesions, with a partial AVSD being limited to a 
deficiency in the atrial portion of the AV septum and a common 
AV valve (ostium primum ASD), and a complete AVSD refer-
ring to a deficiency of the entire AV septum and a common AV 

valve. Down’s syndrome is present in approximately 80% of 
patients with complete AVSDs. Complete AVSD is also seen in 
conjunction with tetralogy of Fallot (TOF). The mortality rate 
for unrepaired complete AVSDs at 2 years of age is as high as 
80% because of progressive congestive heart failure and pulmo-
nary vascular disease. Because of the high risk of developing 
pulmonary vascular disease, surgical repair is performed at 4 to 
6 months of age. Repair is performed via a median sternotomy 
with CPB with exposure through a right atriotomy. The com-
plete AVSD is repaired by either closing both the ventricular 
and atrial components of the septal defect with a single patch 
or closing each component with separate patches. The common 
AV valve is divided into left and right components by the septal 
closure. The “cleft” in the left AV valve is then closed in a 
manner similar to that used in the repair of the partial AVSD 
(see Fig. 53-5). Late insufficiency of the left AV valve following 
complete AVSD repair requires reoperation in 15% to 25% of 
patients.

Tetralogy of Fallot

Classically, TOF refers to four major congenital defects: VSD, 
infundibular pulmonary stenosis, dextroposition of the aorta, 
and RV hypertrophy (Fig. 53-6). The common anatomic abnor-
mality responsible for all features is anterior malalignment of 
the outlet septum. TOF can present with a range of clinical 
findings: from cyanosis at birth to mild oxygen desaturation 
without cyanosis (“pink tetralogy”). The degree of compromise 
is determined by the severity of the RV outflow obstruction and 
the size and location of the VSD. The reported mortality rate 
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Figure 53-4 Defects of the atrial septum.
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Figure 53-6 Tetralogy of Fallot. VSD, ventricular septal defect.
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for unrepaired TOF is 30% by 6 months of age, 50% by 2 years, 
and up to 84% by 5 years. Infants with severe forms of  
TOF are often maintained on prostaglandin E1 to support pul-
monary blood flow until repair. Total correction is accom-
plished by closure of the VSD and relief of subvalvular, valvular, 
and supravalvular pulmonary stenosis. The operation can often 
be performed through the right atrium and pulmonary trunk, 
but in cases of severe outflow tract stenosis, an RV incision is 
required. Frequently, a diminutive pulmonary valve that cannot 
be repaired is present and is instead removed. The outflow tract 
obstruction is relieved by means of a transannular patch. The 
pulmonary regurgitation that results is generally well tolerated 
for many years, but late follow-up indicates that frequently these 
individuals will require late pulmonary valve insertion to avoid 
the development of arrhythmias and RV dysfunction.

Total Anomalous Pulmonary Venous Return

There are three types of total anomalous pulmonary venous 
return: supracardiac (most common, 50%), with pulmonary 
venous drainage into the innominate vein through a vertical 
vein; intracardiac, with drainage into the coronary sinus or the 
right atrium (least common); and infracardiac, with drainage 
through a descending vertical vein into the IVC. Total anoma-
lous pulmonary venous return may present with pulmonary 
venous obstruction and pulmonary edema. This is one of the 
few true congenital heart surgical emergencies. Without surgery, 
the mortality rate is 100%. Surgical repair with direct anasto-
mosis of the common pulmonary venous confluence to the left 
atrium can be accomplished emergently under circulatory arrest 
or low-flow continuous CPB.

Transposition of the Great Arteries

The neonate with discordant ventriculoarterial connections  
is dependent on intracardiac mixing for survival and typically 
presents with cyanosis at birth. The initial management of TGA 
with prostaglandin E1 and balloon atrial septostomy (see Chapter 
52) to increase atrial mixing is life sustaining, but the mortality 
rate without surgical repair is very high. Historically, the surgi-
cal correction involved an intra-atrial baffle to create AV dis-
cordance, which was then “corrected” by the ventriculoarterial 
discordance. Late right (systemic) ventricular failure and ven-
tricular arrhythmias have led to widespread acceptance of the 
arterial switch as the optimal repair (Fig. 53-7). For this proce-
dure, the great vessels are first transected at the sinotubular 
junction, and the coronary arteries are mobilized and then trans-
ferred. The ascending aorta is then anastomosed to the original 
pulmonary valve, which becomes the neoaorta. The pulmonary 
artery is then connected to the original aorta, thus correcting 
the discordance. Of patients with TGA, approximately 50% 
have a VSD that must be addressed at the initial operation.

Truncus Arteriosus

Truncus arteriosus, a relatively uncommon defect, consists of a 
single semilunar valve (the truncal valve) that regulates outflow 
from the single arterial trunk to the aorta, pulmonary arteries, 
and coronary circulation. The single arterial trunk overrides the 
interventricular septum. Patients are occasionally cyanotic at 
birth but most often develop symptoms of congestive heart 
failure within the first weeks of life. The mortality rate for 
untreated truncus arteriosus is as high as 65% at 6 months. 
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Figure 53-7 Arterial repair of transposition of the great arteries. LCA, left coronary artery.
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Figure 53-8 Truncus arteriosus. VSD, ventricular septal defect.
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Surgical repair can be accomplished safely in the neonatal period 
by detachment of the pulmonary arteries from the truncus, 
patch closure of the VSD committed to the left ventricle, and 
placement of a conduit from the RV to the pulmonary artery 
(Fig. 53-8).

avoIDIng TreaTmenT errorS

Surgical treatment errors can result from incorrect diagnosis, 
inappropriate timing of treatment, and poor surgical technique. 
The use of a multidisciplinary team that includes pediatric car-
diologists, congenital heart surgeons, pediatric intensive care 
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specialists, and pediatric cardiac anesthesiologists has become 
the standard of care for patients undergoing surgery for con-
genital heart defects. Review of preoperative studies and a com-
prehensive management strategy must be created for each child, 
with attention to the particular lesion as well as any comor-
bidities present. This dedicated team approach minimizes  
the potential complications related to anesthesia, surgery, and  
postoperative care.

FuTure DIreCTIonS

The technical excellence in transcatheter techniques achieved 
by interventional cardiologists in parallel with ongoing efforts 
by surgeons to find less-invasive means to correct congenital 
heart defects has led to an emerging field that combines the 
tools of both disciplines, referred to as hybrid surgery. Important 
examples of hybrid surgery include intraoperative angioplasty 
and stenting of distal vascular stenoses as part of an open opera-
tive repair, perventricular echo-guided device closure of muscu-
lar VSDs through a median sternotomy, and bilateral branch 
pulmonary banding in conjunction with stent placement in the 
ductus arteriosus as an alternative to the Norwood procedure 
for stage 1 palliation of HLHS. The primary theoretical benefits 
of these combined efforts include less-invasive or -extensive 
operations and the avoidance or reduction in the need for CPB. 
While some early reports are encouraging, mid- and long-term 
results are still pending.
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Arrhythmias in Congenital  
Heart Disease

Scott H. Buck

A dvances in medical and surgical care of children with con-
genital heart disease have dramatically reduced mortality 

and, consequently, increased the population of children, adoles-
cents, and adults with congenital heart disease. Arrhythmias are 
an important source of morbidity and mortality among these 
patients. Arrhythmias can result from congenital anomalies of 
the conducting system; from effects of chronic cyanosis, chamber 
distension, hypertrophy, and fibrosis; and from surgical inter-
vention. Although the overall incidence of sudden death related 
to arrhythmias in congenital heart disease is low, subsets of 
patients are at considerable risk. Risk stratification continues to 
evolve, as do strategies for pharmacologic and nonpharmaco-
logic arrhythmia management (Fig. 54-1).

CyAnotiC CongenitAl  
HeArt DiseAse

Tetralogy of Fallot

Electrocardiographic features of tetralogy typically are right 
ventricular (RV) hypertrophy and right-axis deviation. Among 
patients who have not undergone surgical repair, supraventricu-
lar and ventricular arrhythmias are rare in childhood but can 
increase by adolescence (Fig. 54-2). After repair, right bundle 
branch block is present in most patients and left-axis deviation 
and PR interval prolongation are also occasionally seen. 
Although the long-term survival rate is excellent (nearly 90%  
at 30 years of age), ventricular arrhythmias are common. Sig-
nificant ventricular arrhythmias are present in 5% to 10% of 
patients’ electrocardiograms (ECGs), in 20% to 40% of tread-
mill exercise recordings, and in 40% to 60% of ambulatory 
recordings (Fig. 54-3). The severity of ventricular arrhythmias 
increases with age at repair, RV pressure, and duration of  
follow-up. Electrophysiologic testing usually demonstrates a 
monomorphic macroreentry circuit involving the scarred RV 
outflow tract or the conal septum. The incidence of sudden 
cardiac death among long-term tetralogy survivors is 1.5% to 
5%; however, the ability to identify those patients at highest risk 
is limited. Although some studies suggest that ambulatory 
recordings and/or invasive electrophysiology testing is useful, 
other reports are less compelling. One finding that is almost 
always useful is marked QRS prolongation. QRS duration of 
greater than 180 milliseconds indicates a risk of sustained ven-
tricular arrhythmias and sudden cardiac death. In addition to 
ventricular arrhythmias, supraventricular arrhythmias are 
common in long-term follow-up, with atrial flutter or fibrilla-
tion present in up to 25% of patients.

D-Transposition of the Great Arteries

Electrocardiographic findings of unoperated D-transposition  
of the great arteries (D-TGA) primarily reflect the ventriculo-

arterial discordance of D-TGA (i.e., the right ventricle serving 
as the systemic ventricle), resulting in RV hypertrophy. Chil-
dren with D-TGA require surgical repair. Atrial baffle (Mustard 
and Senning) procedures to direct pulmonary venous blood to 
the systemic (morphologic right) ventricle and systemic venous 
blood to the pulmonary (morphologic left) ventricle were for 
several decades the “repair of choice” for D-TGA (Fig. 54-4). 
Atrial baffle repair of D-TGA frequently produces direct trauma 
to the sinus node or its blood supply and creates conduction 
barriers by suture lines and scars—essentially substrates for 
atrial reentry rhythms. There is progressive loss of sinus rhythm: 
5 to 10 years after atrial baffle surgery, only 20% to 40% of 
patients remain in sinus rhythm, 7% to 35% are in junctional 
rhythm, up to 40% are in slow ectopic atrial rhythm, and 10% 
have intra-atrial reentry. At longer follow-up, nearly half of 
these patients have supraventricular tachycardia, predominantly 
intra-atrial reentry. Loss of sinus rhythm and development  
of junctional rhythm are associated with an increased risk of 
development of symptomatic bradycardia. Ten years after atrial 
baffle surgery, approximately 8% of patients need cardiac 
pacing, which increases to approximately 20% of patients at  
20 years’ follow-up. Sudden cardiac death occurs in 3% to 15% 
of patients after atrial baffle repair, with the risk seeming to  
be greater among patients with decreased right (systemic)  
ventricular function and among patients with uncontrolled 
intra-atrial reentry. Since the 1980s, most infants born with 
D-TGA have undergone the arterial switch procedure, resulting 
in a significant reduction of complex atrial arrhythmias. How-
ever, simple atrial ectopy is frequently seen, speculated to be 
related to balloon atrial septostomy, venous cannulation, or 
atrial defect repair.

Tricuspid Atresia

Electrocardiographic findings of tricuspid atresia include right 
atrial (RA) enlargement, left-axis deviation, and increased left 
ventricular (LV) forces. A short PR interval is seen occasionally 
and is usually attributed to enhanced atrioventricular (AV) node 
conduction rather than to an accessory connection. Initially 
applied to tricuspid atresia and now increasingly to diverse sin-
gle-ventricle variants, including hypoplastic left-sided heart syn-
drome, Fontan palliation (nearly always preceded by anastomosis 
of the superior vena cava to the pulmonary artery or hemi-
Fontan staging) directs systemic venous blood to the pulmonary 
arteries (Fig. 54-5). In classic Fontan atriopulmonary connec-
tions, the sinus node or its blood supply is often interrupted and 
the atria are subjected to increased pressure, resulting in atrial 
distension, hypertrophy, and fibrosis. Surgical scars and patches 
produce conduction barriers that support intra-atrial reentry 
circuits, frequently involving the lateral atrial wall, the perim-
eter of the atrial septal defect (ASD) patch, and the inferomedial 
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Figure 54-1 Systematic approach to tachyarrhythmia diagnosis in congenital heart disease. AF, atrial fibrillation; AFl, atrial 
flutter; ART, antidromic reciprocating tachycardia; AVNRT, atrioventricular node reciprocating tachycardia;  
AVRT, atrioventricular reciprocating tachycardia; BBB, bundle branch block; EAT, ectopic atrial tachycardia;  
JET, junctional ectopic tachycardia; MAT, multifocal atrial tachycardia; ORT, orthodromic reciprocating tachycardia;  
VA, ventriculoatrial; VT, ventricular tachycardia.
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Figure 54-2 Corrective operation for tetralogy of Fallot.
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Figure 54-3 Tetralogy of Fallot. Sample ambulatory recording 
of adolescent patient after repair of tetralogy of 
Fallot in childhood demonstrating frequent 
multifocal premature ventricular beats (upper) 
and leads I, II, and III recordings from another 
patient after tetralogy repair with inducible 
ventricular tachycardia at electrophysiologic study 
(lower).

RA isthmus, the latter also being a component of typical atrial 
flutter in structurally normal hearts. The incidence of late atrial 
tachycardia after Fontan palliation is 30% to 50% at 5 years, 
and 5% to 15% of these patients require permanent pacemaker 
implantation. Advanced patient age at follow-up, increased RA 
size, and increased pulmonary artery pressure are risk factors for 
atrial arrhythmia development (Fig. 54-6). Late sudden cardiac 

death occurs in 2% to 3% of patients. Modification of surgical 
techniques to reduce atrial distension and atrial suture lines 
(e.g., lateral tunnel and extracardiac conduit modifications) has 
apparently reduced the incidence of atrial arrhythmias, although 
long-term follow-up is limited.

Ebstein’s Malformation

Electrocardiographic findings of Ebstein’s malformation typi-
cally include RA enlargement and RV conduction delay. 
Accessory connection–mediated supraventricular tachycardia is 
reported in 23% of patients. Most commonly supraventricu-
lar tachycardias in patients with Ebstein’s malformations are 
due to Wolff-Parkinson-White–type accessory pathways (Fig. 
54-7). Concealed accessory connection–mediated tachycardia 
and AV node reentry tachycardia are less common. Catheter 
ablation techniques can be very useful in patients with 
Ebstein’s anomaly and Wolff-Parkinson-White syndrome. 
However, multiple accessory connections can occur, and the 
altered tricuspid valve architecture results in higher proce-
dural failure and recurrence rates compared with catheter 
ablation of accessory connections in structurally normal 
hearts. Surgical advances for improving tricuspid valve and 
right-sided heart function have dramatically reduced the 
development of late atrial reentrant tachycardia (Fig. 54-8).

ACyAnotiC CongenitAl  
HeArt DiseAse

Ventricular Septal Defect

ECG findings of ventricular septal defect (VSD) generally 
reflect the hemodynamic impact of the left-to-right shunt, with 
the smallest defects causing no electrocardiographic changes. 
Moderate defects are associated with left atrial enlargement and 
LV hypertrophy, and larger defects are associated with biven-
tricular hypertrophy. Compared with the general population, 
adult patients who have not undergone surgery for their VSD 
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The interatrial septum
has been widely
excised, opening into
transverse sinus at
upper end. This
opening is being
sutured and coronary
sinus opened into
LA.

A patch of pericardium has been applied so as to channel
blood from pulmonary veins through tricuspid valve to
RV, then out the aorta. Blood from venae cavae
will now pass to LV and then to pulmonary artery.

A patch of pericardium has
been applied to close incision
and enlarge newly formed RA.

Mustard operation

Figure 54-4 Transposition of the great vessels. LA, left atrium; 
LV, left ventricle; RA, right atrium; RV, right 
ventricle.

Figure 54-5 Features of tricuspid atresia (upper) and final 
anatomic aspect of the classic two-stage procedure 
created by Francis Fontan for bypassing the right 
ventricle (lower). AV, atrioventricular.

Damage to the sinus 
node and to its blood 
supply are frequent 
sequelae of the classic 
Fontan atriopulmonary 
connections.

Consequent atrial 
distension due to 
elevated intra-atrial 
pressure, hypertrophy 
and fibrosis, and 
increased pulmonary 
artery pressure are 
risk factors for 
development of 
atrial arrhythmias. 
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have more frequent premature supraventricular beats, pre-
mature ventricular beats, ventricular couplets, and multiform 
premature ventricular beats by ambulatory monitoring. The 
incidence of arrhythmias is related to age and pulmonary artery 
pressure. In long-term postsurgical follow-up, the prevalence of 
serious arrhythmias (ventricular couplets, ventricular tachycar-
dia, and multiform premature ventricular contractions) in adults 
correlates with cardiac functional status. The risk of arrhythmia 
is eightfold greater among patients with congestive heart failure 
(New York Heart Association classes II–IV) and nearly threefold 
greater in patients with cardiomegaly compared with patients 
with normal heart size. Current surgical practices, including 
earlier age at surgery and minimizing ventriculotomy, are antici-
pated to reduce the incidence of arrhythmia.

Atrial Septal Defect

ECG findings of secundum ASD typically include a normal P 
wave, a rightward QRS axis, and a mildly prolonged QRS 
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Figure 54-6 Tricuspid atresia. Leads V1 and II recordings of 
adolescent patient after Fontan repair of tricuspid 
atresia demonstrating intra-atrial reentry 
tachycardia with 1:1 atrioventricular conduction 
(upper) and 2:1 atrioventricular conduction 
(lower).

Figure 54-7 Ebstein’s malformation. Leads V1 and II recordings 
of infant with Ebstein’s malformation demon-
strating sinus rhythm with Wolff-Parkinson-White 
pattern (upper) and supraventricular tachycardia 
(lower).
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Heart viewed from right side

Displaced “origin”
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PT

RVRA

ARV

Angiocardiogram

Figure 54-8 Ebstein’s malformation. ARV, “atrialized” right ventricle; PT, pulmonary trunk; RA, right atrium; RV, right ventricle.

complex with an rSr′ or an rsR′ pattern, the latter being attrib-
uted to disproportional thickening of the RV outflow tract. 
Dilation of the right atrium due to left-to-right shunting is 
thought to be responsible for mild intra-atrial conduction delay, 
manifested as PR prolongation. Sinus node dysfunction based 
on electrophysiologic testing is an age-related finding in many 
children with ASD. However, symptomatic sinus node dysfunc-
tion requiring therapy is rare. Among adults who have not 
undergone surgery for their ASD, the incidence of atrial flutter 
or fibrillation increases with advancing age, and the risk increases 
with the magnitude of left-to-right shunting, pulmonary artery 
pressure, and pulmonary resistance. Sinus node dysfunction 
complicating ASD repair can result from cannulation for car-
diopulmonary bypass but is more likely the result of direct 
trauma to the sinoatrial node or its blood supply and is more 

common among patients with sinus venosus than secundum 
ASD. Long-term follow-up of patients undergoing ASD repair 
reveals development of atrial flutter and fibrillation proportional 
to the patient’s age at repair: from less than 5% of patients 
undergoing repair at 11 years or younger to 60% of patients at 
40 years or older.

Patent Ductus Arteriosus

ECG findings of patent ductus arteriosus are typically  
normal with small left-to-right shunts; with larger shunts,  
LV hypertrophy and left atrial enlargement can be present. 
Arrhythmias are exceedingly rare in young patients with  
patent ductus arteriosus. However, atrial fibrillation is common 
among patients of advanced age who have not had repair  
and have long-standing volume loading and congestive heart 
failure.
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Atrioventricular Septal Defect

ECG findings of atrioventricular septal defect (AVSD) include 
left-axis deviation and a counterclockwise depolarization pattern. 
In the presence of a primum ASD or AVSD with a small ven-
tricular component, RA and RV enlargement from left-to-right 
atrial shunt are present. Among patients with large atrial and 
ventricular components, biventricular hypertrophy and biatrial 
enlargement are common, especially with significant AV valve 
insufficiency. Arrhythmias are rare among children with AVSD 
who have not had surgical repair; however, a mild intra-atrial 
conduction delay (PR prolongation) is often seen, attributable 
to atrial dilatation. After repair of AVSD, atrial arrhythmias  
are reported in 10% of patients, and ventricular premature beats 
are observed in 33% by ambulatory monitoring. Arrhythmia 
incidence is associated with larger patient size, greater RV end-
diastolic dimension, larger VSD, and the presence of postopera-
tive right bundle branch block.

Pulmonary Stenosis

ECG features of pulmonary stenosis, right-axis deviation, and 
RV hypertrophy correlate well with obstruction severity. As 
observed by ambulatory monitoring, the incidences of prema-
ture supraventricular beats, premature ventricular beats, ven-
tricular couplets, and multiform premature ventricular beats are 
more frequent among adult pulmonary stenosis patients without 
surgical repair compared with the general population. In long-
term follow-up of adults after pulmonary valvotomy, the inci-
dence of serious arrhythmias is approximately 25%.

Despite the relative frequency of arrhythmias and whether 
or not patients have undergone surgical repair, sudden death  
is exceedingly rare, approximately one tenth the rate among 
patients with aortic stenosis.

Aortic Stenosis

ECG findings do not correlate well with the severity of  
aortic stenosis obstruction, particularly in patients older than 10 
years. The most reliable findings of severe obstruction are ST 
depression and T-wave inversion in lateral precordial leads. In 
childhood, aortic stenosis is rarely associated with arrhythmias 
except in individuals with critical aortic stenosis. However, as 
observed by ambulatory monitoring, premature supraventricu-
lar beats, premature ventricular beats, ventricular couplets,  
and multiform premature ventricular beats are more frequent 
among adult aortic stenosis patients without surgical repair 
compared with the general population. The incidence of serious 
arrhythmias (ventricular couplets, ventricular tachycardia, and 
multiform premature ventricular contractions) approaches  
25% of patients with aortic stenosis. In long-term follow-up of 
adults after aortic stenosis repair, the incidence of serious 
arrhythmias exceeds 40% of valvotomy patients and 60% of 
patients after aortic valve replacement. Serious arrhythmia risk 
doubles for every increase of 5 mm Hg in LV end-diastolic 
pressure and increases more than 10-fold in the presence  
of moderate or severe aortic insufficiency. Sudden death is a 
well-recognized complication of aortic stenosis, with incidence 
as high as 20% at 30 years. Current surgical practices are 

anticipated to reduce the incidence of arrhythmia and the risk 
of sudden cardiac death.

L-Transposition of the Great Arteries

Electrocardiographic findings of L-transposition of the great 
arteries (L-TGA) typically include a normal P wave followed  
by QRS with reversal of the Q-wave pattern in the precordial  
leads (i.e., presence of the Q wave in the right precordial leads  
and absence in the left). Among patients with L-TGA, 4%  
have congenital complete AV block. Acquired AV block  
occurs in approximately 2% of these patients per year; eventu-
ally up to 75% of patients with L-TGA have complete heart 
block. Associated with Ebstein-like malformation of the tricus-
pid valve are accessory connection–mediated AV reciprocating 
tachycardias, seen in 2% to 5% of patients. Additionally, primary 
atrial arrhythmias increase with increasing patient age, particu-
larly with atrial distension attributed to tricuspid valve 
regurgitation.

PostoPerAtive ComPlete  
HeArt BloCk

The most common cause of acquired complete heart block in 
children is damage of the conduction system during cardiac 
surgery. It is the most common indication for pacemaker 
implantation in children. Complete heart block occurs in 
approximately 3% of operations involving cardiopulmonary 
bypass, most frequently among patients undergoing surgery for 
LV outflow tract obstruction, L-TGA, VSD, and tetralogy of 
Fallot. Recovery of AV conduction is reported in more than  
half of children, and nearly all who regain AV conduction do so 
within 10 days. If intact AV conduction is not present within 10 
days after surgery, permanent pacemaker implantation is indi-
cated because of the risk of sudden death among patients with 
junctional rhythm and AV dissociation after congenital heart 
surgery (Fig. 54-9).

Figure 54-9 Postoperative complete heart block. Leads V1 
and II recordings of infant demonstrating 
postoperative complete heart block (upper) and 
ventricular pacing tracking atrial rhythm (lower).
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table 54-1 Congenital Heart Disease and Associated Arrhythmias

Condition Arrhythmia risk Comment

Atrial septal defect Atrial flutter, atrial fibrillation, sinus node 
dysfunction

Arrhythmias are rare in children. Arrhythmias 
increase with age at repair and with age 
among unoperated patients.

Ventricular septal defect Ventricular premature beats, ventricular 
couplets, ventricular tachycardia, 
premature supraventricular beats

Arrhythmias are rare among unoperated 
patients. Arrhythmias are more common 
among postoperative patients with higher 
NYHA functional class and with cardiomegaly.

Patent ductus arteriosus Atrial fibrillation Arrhythmias are very rare in children. 
Arrhythmias may be seen among unoperated 
adult patients of advanced age.

Atrioventricular septal defect Postoperative premature supraventricular 
beats, ventricular premature beats

Arrhythmias increase with age at repair and with 
greater VSD, RV size.

Aortic stenosis Ventricular couplets, ventricular 
tachycardia, multiform premature 
ventricular contractions

Arrhythmias increase with elevated LVEDP and 
with moderate or severe aortic insufficiency. 
Sudden death incidence is as high as 20% at 
30-year follow-up.

Pulmonary stenosis Ventricular couplets, ventricular 
tachycardia, multiform premature 
ventricular contractions

Sudden death is exceedingly rare.

D-Transposition of the great 
arteries

Atrial baffle repair: atrial fibrillation/flutter, 
sinus node dysfunction, AV block, 
ventricular tachycardia, pacemaker. 
Arterial switch repair: premature 
supraventricular beats

Sudden death incidence is 3% to 15% after atrial 
repair, and increased among patients with 
depressed RV function and uncontrolled 
intra-atrial reentry. Atrial arrhythmias are 
significantly reduced with arterial switch.

L-Transposition of the great 
arteries

Acquired AV block in ~2% per year. 
Atrioventricular reciprocating tachycardia 
in 2% to 5% due to AP.

AV block eventually in up to 75%. AP-mediated 
tachycardia is associated with Ebstein-like 
tricuspid valve.

Tricuspid atresia Atrial fibrillation/flutter, sinus node 
dysfunction, AV block, pacemaker are 
common among atriopulmonary Fontan 
single-ventricle repair patients.

Arrhythmias increase with follow-up duration, 
RA size, PA pressure. 30% to 50% atrial 
arrhythmias at 5 years. Pacemaker is required 
in 5% to 15%. Late sudden death occurs in 2% 
to 3%.

Ebstein’s malformation AV reciprocating tachycardia due to AP AP-mediated tachycardia occurs in 23%.
Tetralogy of Fallot Ventricular premature beats, ventricular 

couplets, ventricular tachycardia, atrial 
tachycardia, atrial flutter

There is 90% long-term survival. Severe 
ventricular arrhythmia and sudden death risk 
increase with QRS duration >180 ms.

Postoperative complete heart 
block

Occurs in ~3% of congenital heart repairs 
involving cardiopulmonary bypass.

Permanent pacemaker is indicated when AV 
conduction is absent 10 days following 
surgery.

AP, accessory pathway; AV, atrioventricular; LVEDP, left ventricular end-diastolic pressure; NYHA, New York Heart Association;  
PA, pulmonary artery; RA, right atrial; RV, right ventricular; VSD, ventricular septal defect.

Future DireCtions

Although most children with congenital heart disease survive 
into adulthood, the prevalence of arrhythmias poses significant 
challenges (Table 54-1). It is likely that continuing surgical 
advances will further decrease the development of arrhythmias. 
Earlier definitive surgical intervention is being performed  
to minimize the deleterious effects of chronic hypertrophy, 
volume loading, fibrosis, and cyanosis in the development of a 
substrate for arrhythmia. Surgical techniques to minimize ven-
triculotomy and extensive atrial incisions that result in damage 
to specialized conduction tissues and to formation of conduction 
barriers, favoring development of reentrant rhythms, will prob-
ably decrease the development of arrhythmias. Despite these 
advances, arrhythmias will certainly continue to be an important 
source of risk of morbidity and mortality, necessitating pharma-
cologic and nonpharmacologic therapies.

The goal of drug therapy is to reduce the occurrence of 
significant atrial and ventricular arrhythmia while minimizing 
the risks of drug-induced proarrhythmia and other adverse drug 
effects. Drug treatment is further complicated by negative ino-
tropy and chronotropy of the majority of available antiarrhyth-
mic agents and could be improved by new antiarrhythmic 
agents. Invasive electrophysiologic studies and radiofrequency 
ablation or cryoablation are increasingly important in managing 
congenital heart disease and arrhythmia.

Although the locations of the specialized conducting tissues 
and the anatomic cardiac connections are complex, short-term 
procedural success and freedom from arrhythmia after ablation 
procedures are favorable. New intracardiac contact and noncon-
tact mapping techniques are particularly useful in characterizing 
arrhythmia circuits in patients with congenital heart disease. 
Refinements of ablation energy-delivery systems are improving 
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long-term results, including specialized catheters capable of 
greater ablation lesion depth.

Indications for device therapy in the management of arrhyth-
mias in congenital heart disease continue to expand. Antibrady-
cardia pacing in patients with sinus node dysfunction and 
intra-atrial reentry tachycardia can reduce tachycardia episode 
frequency and can provide chronotropic competence. General 
recommendations for implantable cardioverter-defibrillator 
(ICD) placement in children and adolescents are similar to those 
for adult patients; however, specific indications in pediatric 
series are different from adult series because of the heterogene-
ity of disease processes in pediatric patients compared with the 
predominance of ischemic or postinfarction disease in adults. In 
the largest pediatric ICD series thus far, the overall frequency 
of appropriate shocks was 26%; however, nearly as many patients 
received inappropriate device discharges. Among adult patients 
with tetralogy of Fallot and ICD, the reported annual rate of 
appropriate ICD shocks for primary and secondary prevention 
was 7.7% and 9.8%, respectively; 5.8% annually received inap-
propriate discharges, and nearly 30% experienced other com-
plications during the study.

Finally, surgical therapy, such as modifications of the maze 
procedure for recurrent atrial reentrant rhythms, will continue 
to be an important component of arrhythmia management. 
These therapeutic advances, along with contemporary primary 
surgical management, will continue to improve the long-term 
outcome of patients with congenital heart disease.
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Cardiopulmonary Exercise Testing  
in Children with Congenital  
Heart Disease

James P. Loehr

E xercise is a common physiologic stress that places demands 
on multiple organ systems, including skeletal muscle, 

cardiac muscle, and the pulmonary and systemic circulations. 
The physiologic response of the heart (to increase cardiac 
output by increasing heart rate and stroke volume) and lungs (to 
increase ventilation capacity) to this stress are tightly coupled 
with the metabolic demands of exercising muscle.

Increased skeletal muscle contraction that occurs with exer-
cise increases the demand for oxygen delivery and for the clear-
ance of important by-products of metabolic work, including 
CO2, lactate, and heat (Fig. 55-1). Several processes, including 
increased oxygen extraction from blood perfusing the active 
muscles, vasodilation of selected peripheral vascular beds, 
increased cardiac output, and increased pulmonary blood flow 
and ventilation, mediate this increased demand. The body’s 
capacity to deliver and utilize oxygen is determined empirically 
as maximum oxygen consumption (Vo2max). As defined by the 
Fick principle, the relationship between oxygen consumption 
(Vo2), cardiac output (CO), and the arteriovenous oxygen dif-
ference (AVo2 difference) is

V CO AV differenceO O2 2= × ( ).

By further describing CO as the product of stroke volume 
(SV) and heart rate (HR), the relationship becomes

V HR SV AV differenceO O2 2= × × ( ).

Early in exercise, cardiac output is augmented by increases 
in stroke volume (contractility) and heart rate. Increased venous 
return and ventricular filling pressure may in part cause increased 
stroke volume as predicted by the Frank-Starling relationship. 
Later in exercise, increases in cardiac output are more closely 
related to increases in heart rate. The heart rate response to 
exercise is mediated by increased sympathetic tone and decreased 
parasympathetic (vagal) influence on the heart. Increased heart 
rate generally parallels increased oxygen uptake and workload 
and occurs primarily at the expense of diastolic time, which, in 
some disease states, can result in inadequate ventricular filling 
time at elevated heart rates. The AVo2 difference, which nor-
mally results in about 23% extraction of oxygen at rest, may 
increase more than threefold at Vo2max. Arterial oxygen levels 
remain essentially normal throughout exercise in individuals 
with normal cardiopulmonary function.

Mean arterial blood pressure is essentially the product of 
cardiac output and peripheral vascular resistance. The increased 
cardiac output that occurs with exercise is associated with a 
marked decrease in peripheral vascular resistance, resulting in a 
progressive increase in systolic blood pressure and unchanged 

or mildly decreased diastolic blood pressure. The expected 
increase in systolic pressure is positively related to body size and 
age. Attenuated systolic blood pressure responses to exercise 
may reflect a limitation of cardiac output or an alteration of 
vascular resistance control.

The ventilatory response to exercise is tightly coupled with 
production of CO2. Both tidal volume and respiratory rate 
increase during progressive exercise to keep pH and Pco2 (partial 
pressure of CO2) constant over a wide range of metabolic work 
rates. Acidosis occurs only during heavy exercise because of 
increased blood lactate concentrations. Dyspnea occurring 
during moderate exercise is due to the increased need for CO2 
release and the tight coupling of minute ventilation to CO2 
production. Further increases in CO2 production with intense 
exercise result in a decline in serum sodium bicarbonate, a dis-
proportionate increase in hydrogen ion levels, and consequent 
acidosis, resulting in a hyperventilatory response.

Normal rEspoNsEs of CHilDrEN  
To ExErCisE

A complete exercise evaluation includes, at a minimum, the 
measurement of heart rate and blood pressure and evaluation of 
the exercising ECG for pathologic changes and for the presence 
or absence of exercise-induced arrhythmias. In children, the 
normal response to exercise is for the heart rate to increase due 
to sinus tachycardia to a maximum of 190 to 200 bpm, with no 
evidence of atrioventricular block during exercise. The presence 
of atrial and/or ventricular ectopy, either of which can be stimu-
lated by exercise, is considered an abnormal response. ECG 
intervals follow characteristic changes; the PR interval generally 
shortens with exercise and the resultant tachycardia. The QRS 
duration remains unchanged or shortens slightly. The normal 
response of the QT interval is to be unchanged or to shorten, 
but this shortening is often difficult to document because of the 
merging of the end of the T wave with the following P wave. 
The interpretation of the ST segment is sometimes difficult 
because of physiologic J-point depression, but the normal slope 
of the ST segment at peak exercise is upward instead of flat or 
downward.

The normal blood pressure response is dictated by the 
complex interaction of increased cardiac output, caused by 
increased heart rate and stroke volume, and vasodilation in the 
peripheral vascular bed. In normal exercise, systolic blood pres-
sure increases progressively, to levels as high as 230 mm Hg in 
adolescents and adults, whereas diastolic pressure changes less 
dramatically. The anticipated increase in blood pressure is 
related to body size and age of the individual. Pathologically 
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figure 55-1 Physiologic effects of exercise. AV, atrioventricular; ECG, electrocardiogram; SA, sinoatrial.
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A complete exercise evaluation includes, at a
minimum, the measurement of heart rate and
blood pressure, and an evaluation of exercise
ECG for pathologic changes or exercise-
induced arrhythmias.

(O2 consumption)

The physiologic response to the increased metabolic demands of exercise is multifactorial. The ability of the cardiovascular system to respond
to such demands may be diminished by congenital structural or electrical abnormalities, which diminish or restrict the response to exercise.

high blood pressure responses can occur in individuals with 
resting hypertension and in individuals with either occult or 
poorly repaired aortic arch obstruction such as coarctation of 
the aorta. A diminished blood pressure response is generally 
attributed to an inadequate exercising cardiac output response, 
which may be secondary to a variety of factors, including an 
inadequate heart rate response or a limitation of stroke volume 
caused by obstructive lesions (such as valvular aortic stenosis) or 
by diminished contractility (in cardiomyopathic states). Indi-
viduals with decreased peripheral vascular resistance may also 

have a diminished blood pressure response to exercise despite 
adequate cardiac output.

Some pediatric exercise laboratories routinely measure respi-
ratory gas exchange during exercise. The most useful measure-
ment is that of Vo2max, which is influenced by cardiac output, 
ventilatory capacity, and the degree of extraction of oxygen by 
exercising tissue. During incremental exercise, oxygen con-
sumption and CO2 production increase in parallel to workload; 
at higher rates of oxygen consumption, there is a disproportion-
ate increase in CO2 production, resulting in further stress on 
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the respiratory system to compensate for this increase in CO2. 
The point at which this phenomenon (disproportionately 
increased CO2 production) occurs is called the ventilatory anaer-
obic threshold. In children in whom the ventilatory anaerobic 
threshold is reached earlier than anticipated, one should con-
sider both congenital (or acquired) cardiac and pulmonary 
anomalies, as well as deconditioning. Individuals who are espe-
cially fit (well conditioned) typically reach their ventilatory 
threshold later than would be anticipated.

An estimate of stroke volume may be derived by dividing 
oxygen consumption by the heart rate, referred to as the oxygen 
pulse (oxygen pulse = Vo2/HR). The oxygen pulse measurement 
is probably proportional to changes in stroke volume at low 
levels of exercise, but this measurement loses that proportional-
ity at more rapid heart rates because of the contribution of 
increased oxygen extraction from the tissues to oxygen con-
sumption. Nevertheless, lesions associated with poor ventricular 
function are associated with low maximum oxygen pulse.

Finally, the measurement of ventilation is useful. Although 
the rate of change in ventilation is proportional to the change 
in CO2 production, the slope of that increase is higher in patients 
with congestive heart failure. Spirometry performed before and 
after exercise can demonstrate exercise-induced bronchospasm, 
which can be relieved by use of an inhaled bronchodilator.

CHaraCTErisTiC paTHologiC 
ExErCisE rEspoNsEs iN paTiENTs 
wiTH CoNgENiTal sTruCTural 
HEarT DisEasE

Coarctation of the Aorta

Characteristically, children with poorly repaired coarctation of 
the aorta who are asymptomatic have normal exercise capacity, 
but their systolic blood pressure increases excessively with exer-
cise. This increase in blood pressure tends to occur at both 
submaximum and maximum effort. Even after successful repair, 
exertional hypertension may occur, particularly in those who 
underwent surgery later in life. The potential etiologies of late 
hypertension include increased aortic stiffness, pressure gradi-
ents within the aorta due to differential growth of segments of 
the aortic arch before repair of the coarctation, and, possibly, 
increased flow acceleration across the aortic valve from increased 
left ventricular mass.

Left Ventricular Outflow Tract Obstruction

In contrast to coarctation of the aorta, severe obstruction of left 
ventricular outflow (from either valvular or subvalvular aortic 
stenosis) is associated with an attenuated increase, or even a 
decrease, in blood pressure during exercise. Presyncope or 
syncope can occur when exertional cardiac output is unable to 
compensate for the normal peripheral vasodilatory response to 
activity. Pathologic ST-segment depression can occur during 
exertion from subendocardial ischemia related to the presence 
of ventricular hypertrophy, high diastolic ventricular pressures, 
and low cardiac output. Interestingly, in contrast to adults, ST-
segment depression in children is frequently not associated with 
chest discomfort.

Pulmonary Stenosis

Pulmonary stenosis with an intact ventricular septum is a 
common anomaly that results in fixed right ventricular outflow 
tract obstruction, which may limit cardiac output. Exercise tol-
erance is usually normal in individuals with mild pulmonary 
stenosis but may be impaired in those with more severe disease. 
The impairment resolves with relief of the obstruction in 
childhood.

Atrial Septal Defect

Individuals with an atrial septal defect who have undergone 
repair in childhood have normal or near-normal exercise toler-
ance. A decreased maximum heart rate has been reported, 
however. Exercise intolerance may be related to poor diastolic 
compliance of either ventricle. If there is both an unrepaired 
atrial defect and a significant degree of right ventricular dysfunc-
tion, oxygen saturation will occasionally fall during exercise.

Tetralogy of Fallot

The principal concern in the adolescent or the adult who has 
survived tetralogy of Fallot repair is the association of sudden 
cardiac death with a poor hemodynamic result and the presence 
of ventricular arrhythmias. Patients with surgically repaired 
tetralogy of Fallot routinely undergo exercise testing primarily 
to examine their cardiac rhythm during maximum activity. The 
finding of exertional ventricular arrhythmias frequently leads to 
further evaluation and surgical or medical intervention.

Individuals with tetralogy of Fallot who have only under-
gone palliation with a systemic-to-pulmonary artery shunt have 
markedly reduced Vo2max and an increased ventilatory response 
to exercise. If complete surgical repair is performed in child-
hood, however, and the patient has regular physical activity, 
the resulting exercise capacity is frequently in the normal range. 
The mean heart rate and oxygen consumption in this group of 
patients, however, is mildly decreased compared with normal 
controls.

Transposition of the Great Arteries

In individuals who have undergone the atrial repair of transposi-
tion of the great arteries (the Mustard or Senning procedure), 
the right ventricle functions as the systemic ventricular chamber. 
These individuals are subject to frequent atrial arrhythmias and 
sinus node dysfunction. Although most report that they are 
asymptomatic early in life, decreased work performance and 
Vo2max are found on formal testing. This finding is generally 
associated with a decreased maximum heart rate but may also 
be partially due to poor right ventricular stroke volume augmen-
tation with activity. Exercise capacity after performance of the 
arterial switch procedure for transposition of the great arteries 
is a subject of ongoing investigation.

Physiology of Single-Ventricle Malformation

The heterogeneous group of individuals with single-ventricle 
malformations usually undergoes the Fontan procedure as  
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congenital heart disease are being subjected to exercise testing 
as part of their overall evaluation. Future investigations of the 
exercise responses of individuals with inborn errors of metabo-
lism will probably add further insight into the physiology of 
human exercise.
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palliation. Before the Fontan procedure is performed in this 
group of patients, exercise capacity is markedly reduced, associ-
ated with an increased ventilatory response to exercise and de-
creased systemic oxygen levels that are probably the result of 
decreased pulmonary blood flow and increased intracardiac 
right-to-left shunting. Performance of the Fontan procedure 
results in improvement in these parameters, but the patient’s 
exercise capacity after the Fontan procedure remains decreased. 
Formal measurements of cardiac output support the inference 
that the decreased capacity results from a diminished heart rate 
response and a decreased stroke volume response to exercise. A 
frequent finding is an increase in the ratio of ventilation to CO2 
production (VE/Vco2) slope, suggesting inefficient gas exchange 
even after Fontan completion.

Cardiac Rhythm Disturbances

Premature ventricular contractions are a frequent finding in 
healthy children. The normal response is for exercise to sup-
press this arrhythmia, although it may only be suppressed at very 
elevated heart rates. Conversely, the induction of couplets or 
ventricular tachycardia with exercise is abnormal and warrants 
further investigation. Premature atrial contractions are common 
and usually benign in childhood. Unlike ventricular ectopy, the 
persistence of premature atrial beats with exercise is not consid-
ered to be ominous. Patients with congenital complete atrioven-
tricular block have diminished resting and exertional heart rates 
and may demonstrate ventricular arrhythmias with exercise.

Patients with Wolff-Parkinson-White syndrome may  
demonstrate supraventricular tachycardia with exercise. Disap-
pearance of the delta wave may result from exertional sinus 
tachycardia, suggesting a long refractory period for the acces-
sory connection. Disappearance of the delta wave with exertion 
may be a helpful finding, but it cannot be used as the sole cri-
terion for determining management.

fuTurE DirECTioNs

Exercise testing provides a unique estimate of the heart’s func-
tional capacity and the response of the heart to an important 
physiologic stress. Although the most common use of exercise 
testing in adults is in the evaluation of patients for possible 
coronary artery disease, exercise testing is being used increas-
ingly in the assessment of overall cardiopulmonary function in 
a variety of disease states. Increasingly, patients facing heart or 
lung transplantation, patients facing partial lung resection, and 
patients with a limitation of maximum cardiac output from 
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Kawasaki’s Disease

Blair Robinson

K awasaki’s disease is a multisystem vasculitis, first recog-
nized in 1961 and subsequently described in 1967 by Dr.  

Tomisaku Kawasaki. Kawasaki’s disease was initially thought to 
be a benign, self-limited febrile illness. The association of  
the disease with the development of coronary aneurysms  
and subsequent mortality did not become evident until the 
1970s. Since then, Kawasaki’s disease has been recognized in all 
populations and is now reported to be the most common 
acquired heart disease in U.S. children, replacing rheumatic 
heart disease.

The incidence of Kawasaki’s disease varies among ethnic 
groups. It is highest in children of Asian ancestry (90 per 100,000 
in Japan) and lowest in certain Europeans (3 per 100,000  
in Britain). The U.S. incidence is 17 per 100,000 in African-
Americans, 11 per 100,000 in Hispanics, and 9 per 100,000 in 
Caucasians. Kawasaki’s disease usually occurs in children 1 to 2 
years of age, with 80% of cases diagnosed in children younger 
than 4 years of age. However, the diagnosis has been made in 
children of all ages. Males are more commonly affected than 
females (a ratio of 1.5 : 1).

Etiology anD PathogEnEsis

The etiology of Kawasaki’s disease is unknown. A genetic pre-
disposition to the disease is suggested by the higher incidence  
in children of Asian ancestry and in siblings. The occurrence  
of the disease in siblings also suggests exposure to a common 
causative agent. Various bacteria, viruses, heavy metals, and 
detergents have come under suspicion as etiologic agents. A 
superantigen (toxin)-mediated hypothesis has been proposed, 
but large multicenter studies have failed to conclusively identify 
any single etiologic agent or group.

Kawasaki’s disease is a nonspecific vasculitis that affects  
small- and medium-sized arteries throughout the body. Its  
most serious consequences evolve in phases within the coronary 
arteries (Fig. 56-1).

The acute febrile phase of Kawasaki’s disease may last less 
than a day or up to 10 days. Inflammation in the coronary artery 
walls consisting mostly of polymorphonuclear cells may occur. 
An increased ratio of T4 (helper) to T8 (suppressor) cells has 
been found in vessel walls during the acute phase. Pancarditis 
may also develop during the acute phase. However, the mortal-
ity rate during this phase is low, and death is thought to occur 
only in severely affected individuals as a result of myocardial 
dysfunction or arrhythmias.

The subacute phase lasts 10 to 40 days. An accumulation of 
cytokines, B cells, and T cells in the vessel walls may cause 
fragmentation of the internal elastic lamina of the coronary 
arteries and, subsequently, formation of an aneurysm. Throm-
bocytosis occurs simultaneously and predisposes patients to 
acute coronary thrombosis, the leading cause of mortality during 
this phase of the illness.

The convalescent phase (beyond 40 days) consists of healing 
and fibrosis of the coronary aneurysms formed during the sub-
acute phase. A stenosis may occur at such sites, with resulting 
ischemia, infarction, and death. Of all deaths, 70% occur in 
infants younger than 1 year of age, and almost all deaths occur 
during the convalescent phase.

The risk factors for the development of coronary artery 
disease include fever lasting more than 14 days, recurrence of 
fever or rash, treatment with intravenous immunoglobulin 
(IVIG) more than 10 days into the acute illness, male sex, and 
age younger than 1 year.

CliniCal PrEsEntation

Fever is the cardinal presenting sign of Kawasaki’s disease and 
persists for more than 7 days in more than 95% of patients. It 
responds only temporarily to antipyretic therapy and may last 
up to 2 weeks in patients who are not treated with IVIG. Within 
5 days of the onset of fever, 90% of patients develop a polymor-
phous rash predominantly over the trunk (Fig. 56-2). This may 
be a diffuse maculopapular rash, or it may be a more urticarial 
rash. Rarely, perineal desquamation is seen in the subacute 
phase. Mucosal changes, erythema, and fissuring of the lips 
occur in 90% of patients. Pharyngitis and prominent papillae 
(“strawberry tongue”) are also typical signs. Within the first 
week of the illness, bilateral conjunctivitis, consisting of a dis-
crete vascular injection with absence of corneal clouding or 
purulent exudates, develops in 90% of patients. The bilateral 
conjunctivitis persists for 1 to 2 weeks. Anterior uveitis is a 
common finding on slit-lamp examination. Indurative edema 
and erythema of the hands and feet occur in 75% to 90% of 
patients. Desquamation of the fingertips and/or the palms and 
the soles may occur 2 to 3 weeks after the acute illness. Cervical 
lymphadenopathy, the least consistent finding, occurs in approx-
imately 50% of patients. It is usually unilateral, and the diameter 
of the nodes may exceed 15 mm.

Although the diagnosis of Kawasaki’s disease generally 
requires fever plus four of the multiple findings described under 
Differential Diagnosis, some patients with Kawasaki’s disease 
may have an atypical presentation that does not fulfill the  
diagnostic criteria. These patients are usually younger than  
1 year or older than 8 years, and their condition is commonly 
misdiagnosed.

Additional clinical findings include gastrointestinal signs, 
such as emesis, diarrhea, and jaundice (40%); arthralgias (30%); 
aseptic meningitis (25%); and pancarditis with myocardial dys-
function, pericardial effusion, and valvar insufficiency (50%). 
Common laboratory findings include leukocytosis, thrombocy-
tosis (platelet count >450,000 in 50% of patients), elevated 
acute-phase reactants (erythrocyte sedimentation rate [ESR], 
C-reactive protein, immunoglobulin E, α2-globulin), elevated 
transaminases, sterile pyuria, and proteinuria.
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Figure 56-1 Pathogenesis and clinical course of Kawasaki’s 
disease.
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Figure 56-2 Clinical features of Kawasaki’s disease.

90% of patients exhibit a 
polymorphous exanthem rash, 
predominantly over trunk and 
perineum. Appearance may be 
maculopapular or, in some 
cases, urticarial.

Desquamation of palms
and soles found in
convalescent phase

Indurative edema
and erythema
noted on palms
and soles in
acute phase

Bilateral conjunctivitis
in 90% of patients

Pharyngitis, “strawberry
tongue,” and fissuring
of lips are common
findings.

Unilateral cervical
lymphadenopathy
found in 50%

Perineal desquamation
may occur in the
convalescent phase.

DiFFErEntial Diagnosis anD 
DiagnostiC aPProaCh

Because the etiology of the disease is unknown, “Kawasaki’s 
disease” remains a clinical diagnosis. Classically, the diagnosis 
of Kawasaki’s disease requires 5 days of fever and four of the 
following: rash, oral mucosal changes, conjunctivitis, extremity 
changes, and cervical lymphadenopathy (Box 56-1). Laboratory 
findings such as elevated white blood cell counts, ESR, and 
platelet counts are supportive of the diagnosis but are not 
pathognomonic. The characteristic pathologic findings in the 

coronary arteries are not visible during the acute febrile illness 
and therefore are not useful in differentiating Kawasaki’s disease 
from other illnesses with similar clinical presentations.

Because ongoing inflammation is an important risk factor for 
the development of coronary artery aneurysms, early diagnosis 
and treatment are imperative. However, as noted, differentiat-
ing Kawasaki’s disease from other illnesses with similar clinical 
features can be difficult, thus complicating the decision to treat 
aggressively.

The differential diagnosis includes measles, scarlet fever, 
toxic shock syndrome, staphylococcal scalded-skin syndrome, 
drug hypersensitivity reactions, Rocky Mountain spotted fever, 
and juvenile rheumatoid arthritis. Distinguishing measles from 
Kawasaki’s disease may be difficult, but important differences 
are typically found. Both illnesses may present with a polymor-
phous rash and swelling of the hands and feet. However, in 
measles, conjunctivitis is exudative and oral lesions (Koplik’s 
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Box 56-1 Diagnostic Findings of Kawasaki’s Disease

Fever persisting for more than 5 days plus four of the 
following:
• Bilateral, nonexudative conjunctivitis
• Polymorphous exanthem
• Peripheral extremity changes: indurative edema, 

erythema of palms and soles
• Oropharyngeal changes: erythema or fissuring of lips, 

strawberry tongue
• Nonpurulent cervical lymphadenopathy

spots) are diagnostic. In Kawasaki’s disease, the conjunctivitis is 
nonexudative and there are no discrete oral lesions. The exan-
them of measles typically begins on the face, whereas the rash 
of Kawasaki’s disease is found predominantly on the trunk and 
the extremities. Unlike in Kawasaki’s disease, the ESR and the 
white blood cell count are typically low in measles. Further-
more, the immunoglobulin M antimeasles titer can be used to 
differentiate these clinically similar entities.

Because of the presentation of fever, strawberry tongue, cer-
vical lymphadenopathy, and rash, Kawasaki’s disease has com-
monly been misdiagnosed as scarlet fever. However, in scarlet 
fever, conjunctivitis is absent, desquamation is not limited to the 
extremities, and these findings all typically resolve with antibi-
otic therapy. Patients with scarlet fever are typically older than 
3 years of age at presentation.

Young patients (<1 year of age) with Kawasaki’s disease may 
have an atypical presentation that does not fulfill the diagnostic 
criteria, and therefore the diagnosis of Kawasaki’s disease may 
not be considered. Fever may be the only initial presenting sign, 
and other clinical signs may be delayed or may not appear at all. 
After initial treatment with antibiotics, the rash and conjuncti-
vitis may appear, leading to the incorrect conclusion of a drug 
hypersensitivity reaction. In the patient with fever of unknown 
origin who develops desquamation of the fingers and toes 2 to 
3 weeks into the illness, it is important to consider the possibility 
of Kawasaki’s disease and to evaluate the coronary arteries 
accordingly.

ManagEMEnt anD thEraPy

Before the use of IVIG, there was a 25% incidence of coronary 
aneurysm development in patients with Kawasaki’s disease. 
Early diagnosis and treatment with IVIG have reduced the inci-
dence of aneurysm formation to less than 2% in those treated.

Optimum Treatment

When the patient initially presents with symptoms, echocar-
diography is performed to evaluate myocardial function and 
provide a baseline study of the coronary arteries. ECG is per-
formed in the acute phase to detect conduction abnormalities 
(Fig. 56-3). Patients are treated with anti-inflammatory doses of 
aspirin (80–100 mg/kg/day in four divided doses, not to exceed 
4 g/day) and given a single dose of IVIG (2 g/kg). If a patient 
is afebrile 48 to 72 hours after IVIG treatment, the aspirin dose 
is decreased to antithrombotic levels of 3 to 5 mg/kg/day, and 

this dose is continued throughout the convalescent phase or 
until the platelet count returns to normal. A recent multicenter 
study to assess the addition of corticosteroids to IVIG and 
aspirin therapy showed no significant improvement in outcomes 
compared to conventional IVIG and aspirin therapy alone. After 
the single dose of IVIG, approximately 10% of patients remain 
febrile beyond 48 hours, and repeat dosing of IVIG may be 
necessary. The use of corticosteroids in “IVIG-resistant” 
patients reduces fever, but the effects on coronary aneurysm 
development remain uncertain.

Echocardiography is usually performed again 2 weeks and 6 
to 8 weeks after the initial presentation. There is increasing 
evidence that if coronary aneurysms have not developed within 
the first 8 weeks of the illness, subsequent aneurysm formation 
is unlikely. However, these patients may have endothelial dys-
function and may be at risk as adults for early coronary artery 
disease. Therefore, the current American Heart Association 
guidelines recommend that patients without aneurysms undergo 
assessment and counseling every 5 years.

The development of coronary aneurysms requires close  
follow-up and long-term anticoagulation therapy. Risk stratifi-
cation may be based on the size of the aneurysms. Small solitary 
aneurysms resolve without intervention in more than 50% of 
patients, and aspirin therapy is generally all that is warranted. 
However, giant aneurysms (>8 mm in diameter) are associated 
with a much greater risk of thrombosis. Japanese data show that 
approximately 50% of deaths occur in patients with giant coro-
nary aneurysms. Therefore, these patients are usually main-
tained on aspirin and warfarin (Coumadin).

Echocardiography is an excellent screening tool for detecting 
proximal aneurysms, but distal aneurysms are more difficult  
to visualize. Coronary angiography (see Fig. 56-3) helps delin-
eate more distal aneurysms and the presence of coronary steno-
ses, and should be performed in patients with evidence of  
ischemia or extensive coronary involvement on echocardiogra-
phy. Patients developing a coronary stenosis and ischemia may 
require surgical revascularization or, rarely, heart transplanta-
tion. Exercise restrictions are placed on individuals with signifi-
cant coronary disease.

Avoiding Treatment Errors

The most common treatment error is the misdiagnosis or 
delayed diagnosis of patients with Kawasaki’s disease. Delayed 
treatment results in ongoing inflammation. Treatment delayed 
beyond 10 days from the onset of fever is an important risk 
factor for subsequent aneurysm formation.

High-dose aspirin therapy can lead to salicylate toxicity, so 
it is important to reduce the aspirin dose after the acute febrile 
phase. The risk of Reye’s syndrome must also be considered in 
patients on long-term aspirin therapy.

FuturE DirECtions

The incidence of Kawasaki’s disease appears to be increasing; 
however, the etiology of the disease remains unknown. Despite 
the unclear mechanism of action of IVIG, the introduction of 
IVIG therapy has dramatically altered the natural history of the 
disease. Kawasaki’s disease is self-limited in most cases, and 
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Figure 56-3 Cardiac evaluation in Kawasaki’s disease. LCA, left coronary artery; RCA, right coronary artery.
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many coronary aneurysms resolve without intervention. 
However, there may be significant endothelial dysfunction in 
vessels with previous aneurysms, which raises the question 
whether the children who have had aneurysms may be at 
increased risk for coronary disease as adults. Future research will 
be directed at determining etiology, the mechanism of the ther-
apeutic effect of IVIG, other therapies, and long-term patient 
outcomes.
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Congenital Coronary Anomalies

Sharon Ben-Or, Michael E. Bowdish, Brett C. Sheridan, and Michael R. Mill

A pproximately 5% of patients undergoing cardiac catheter-
ization and 1% to 2% of the general population have  

a congenital coronary artery anomaly. Congenital coronary 
anomalies can have a significant impact on myocardial perfu-
sion, causing ischemia, inducing left ventricular (LV) dysfunc-
tion, and in some cases causing sudden cardiac death. Patients 
with congenital coronary anomalies generally do not present 
until adolescence or adulthood, if symptoms ever arise.

Unfortunately for patients with congenital coronary anoma-
lies, a common presentation is with cardiac arrest or sudden 
cardiac death. This clinical relevance underpins the necessity of 
understanding the anatomy and presentation of congenital cor-
onary anomalies and their treatment options. The two primary 
congenital coronary anomalies, anomalous origin of the left 
coronary artery from the pulmonary artery (ALCAPA) and 
anomalous aortic origin of coronaries (AAOC), as well as two 
entities associated with coronary artery anomalies—coronary 
artery fistulas and anomalous coronary circulation—are the 
focus of this chapter (Fig. 57-1).

Normally, the two main coronary arteries arise from separate 
ostia within the sinuses of Valsalva. The left coronary artery 
(LCA) then divides into the left anterior descending artery, 
which traverses the anterior interventricular groove, and the left 
circumflex coronary artery, which courses in the left atrioven-
tricular groove. Normally, the right coronary artery (RCA) 
originates anteriorly from the right aortic sinus and courses 
along the right atrioventricular groove, commonly giving rise 
to the posterior descending artery.

AnomAlous origin of the left 
CoronAry Artery from the 
PulmonAry Artery

ALCAPA is a rare congenital anomaly, usually an isolated lesion, 
occurring in 1 in 300,000 live births (Fig. 57-2). The clinical 
spectrum of ALCAPA is also known as Bland-White-Garland 
syndrome. Infants with myocardial ischemia typically present 
with failure to thrive, profuse sweating, dyspnea, pallor, and 
atypical chest pain upon eating or crying. Malignant arrhyth-
mias leading to sudden cardiac death are the most extreme 
presentation of myocardial ischemia in ALCAPA. During the 
neonatal period, high pulmonary vascular resistance ensures 
antegrade flow from the pulmonary artery through the LCA. 
However, as this resistance diminishes, there is an eventual 
reversal of flow, with left-to-right shunting through the pulmo-
nary artery. The result is the phenomenon of “coronary steal,” 
with LV perfusion becoming dependent on collateral circulation 
from the RCA.

Because infantile circulation has little or no coronary col-
lateral development, ALCAPA leads to severe myocardial isch-
emia, with resultant LV dysfunction and dilation. Dilation of 

the left ventricle is due not only to the effects of ongoing myo-
cardial ischemia but also to mitral valve regurgitation, because 
papillary muscle ischemia is common in ALCAPA. Without 
surgical intervention and correction of the anomaly, patients  
die within weeks to months after birth. Patients who survive  
to adulthood, secondary to the presence and formation of  
collateral circulation, may remain asymptomatic despite sub-
clinical ongoing ischemia. Arrhythmic sudden death purport-
edly occurs in 80% to 90% of patients by 35 years of age.

Although ALCAPA is rare, a high index of suspicion should 
be present for infants presenting with signs of myocardial isch-
emia or dysfunction. The most frequent confounding diagnosis 
is dilated cardiomyopathy. Both conditions may present with 
cardiomegaly, a murmur of mitral insufficiency, and ECG evi-
dence of myocardial ischemia. Two-dimensional echocardiog-
raphy and coronary angiography typically clarify the diagnosis. 
Echocardiographic examination alone may be sufficient to 
achieve diagnosis. If echocardiography reveals an enlarged RCA 
with global hypokinesis and left ventricle dilation, ALCAPA 
must be considered in the differential diagnosis. Pulsed and 
color-flow Doppler examination may delineate a left-to-right 
shunt. In many but not all cases, two-dimensional echocardio-
graphic evaluation will permit visualization of the anatomic 
origin of the ALCAPA and assessment of the degree of mitral 
insufficiency. Though not essential, coronary angiography or 
ventriculography may be performed if ALCAPA is suspected 
but not visualized on echocardiography. Coronary angiography 
also assists in excluding other anatomic etiologies for ischemia 
and ventricular dysfunction.

Surgical correction remains the gold standard of therapy, but 
important changes in technique have resulted in improved out-
comes. Surgical repair involves direct reimplantation of the 
anomalous LCA into the aorta by transferring it with a button 
of pulmonary artery (Fig. 57-3). There are several options to 
customize the surgical approach so as to overcome anatomic 
challenges of the length and course of the LCA for reimplanta-
tion. In adults, in whom reimplantation is more technically 
challenging, bypass grafting with the left internal thoracic artery 
is an equally effective approach.

After reestablishment of a two-coronary system, the previ-
ously dilated RCA will generally return to normal size, and the 
intercoronary collateral network that developed before surgery 
will regress. Operative mortality for all surgical techniques has 
markedly decreased. The mortality rate today (5% to 25%), 
though still high, represents a vast improvement compared with 
the mortality rates reported in the early 1980s (75% to 80%). 
No differences in LV function or the late mortality rate have 
been shown comparing the various reimplantation or revascu-
larization techniques used today. A previous approach, direct 
ligation of the anomalous coronary, was abandoned because of 
poor outcomes.
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figure 57-1 Anomalous aortic origin of coronaries (AAOC): Anatomic variations. The positions of the anatomic right (R), left (L), and 
non (N) coronary cusps are shown. LCA, left coronary artery; RCA, right coronary artery; RVOT, right ventricular 
outflow tract.
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AnomAlous AortiC origin  
of CoronAries

Anomalous aortic origin of coronaries presents much more vari-
ably than ALCAPA. Some individuals have myocardial ischemia 
and can present with sudden death, but in others this can be an 
entirely asymptomatic incidental finding at the time of cardiac 
catheterization or coronary artery imaging. The reasons for this 
variable presentation involve subtle differences in the anatomy 
and course of the anomalous coronary artery (see Fig. 57-2). 

The coronary artery’s proximal portion may exit the aorta at an 
acute angle leading to a functional stenosis of the ostium. It may 
course between the aorta and the pulmonary artery, or it may 
have an intramural course within the aorta. Surgical correction 
is indicated in individuals who present with significant symp-
toms. In asymptomatic individuals, if the LCA arises from the 
right coronary sinus and courses between the aorta and the 
pulmonary artery, surgical intervention is indicated because  
the risk of sudden cardiac death is high in this group. However, 
if the RCA arises from the left aortic sinus and is nondominant, 
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figure 57-2 Congenital coronary artery anomalies.
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such an entity may be benign. Surgical intervention is under-
taken in patients with this form of the anomaly only if they have 
demonstrable ischemia.

The incidence and natural history of anomalous course of  
a coronary artery between the pulmonary artery and aorta 
(ACCBPAA) are unknown. One review of 126,595 cardiac cath-
eterizations revealed an incidence of 1.15%, constituting 87% 
of all coronary artery anomalies within this series. The most 

important review of this abnormality described sudden death in 
59% of the 242 patients. There are no pathognomonic clinical 
features consistent with ACCBPAA. The diagnosis should be 
considered in patients with exercise-induced myocardial isch-
emia or sudden death. Although echocardiographic evaluation 
may provide valuable information, coronary angiography is 
essential to accurately delineate the anatomy and exclude other 
associated coronary disease. Noninvasive imaging with CT and 
MRI has advanced considerably in recent years and may become 
a standard approach for defining the anatomy of these lesions.

Surgical options to manage this anatomic abnormality include 
revascularization with an internal mammary artery or a saphe-
nous vein bypass graft, or reimplantation alone. An important 
issue to consider, however, is that revascularization may lead to 
competitive flow between the bypass graft and the native circu-
lation, thus increasing the likelihood of bypass graft failure. The 
advantage of reimplantation is that competitive flow is not an 
issue, since there is a single conduit vessel providing flow to the 
myocardium in that distribution. Reimplantation may be more 
technically difficult; for instance, a transverse aortotomy may 
become essential to assess the coronary ostia. Also, when the 
anomalous coronary artery arises from the opposite sinus, it is 
necessary to detach the aortic valve commissure. The slitlike 
ostium, characteristic of AAOC and partially responsible for 
ischemic symptoms, is opened along its longitudinal axis, and a 
portion of the common wall between the aorta and the coronary 
artery is excised, with reapproximation of the intimal surfaces. 
The valve commissure is subsequently resuspended with a pled-
geted suture. This unroofing procedure creates a neo-ostium 
and obliterates the intramural course of the coronary artery.

CoronAry Artery fistulAs

Coronary artery fistulas are defined as communications with 
right-sided (arteriovenous fistula) or left-sided (arterio-arterial 
fistula) cardiac structures. The most common fistula is the RCA 
communicating with the right ventricle. However, fistulas may 
involve the LCA, and the aberrant connection may be with 
either heart chamber, the pulmonary artery or vein, the coro-
nary sinus, or a central vein. Patients rarely present with symp-
toms during infancy and are frequently diagnosed in early 
adulthood. Often asymptomatic, fistulas are most commonly 
discovered during evaluation for a murmur. It is not uncommon, 
though, for patients with a fistula to present with left- or right-
sided congestive heart failure or myocardial ischemia due to 
coronary steal. Echocardiography may reveal evidence of a 
dilated or enlarged coronary artery, with color-flow Doppler 
demonstrating the fistula. Preoperative coronary angiography is 
necessary to ensure accurate anatomic definition and allow for 
surgical planning.

Intervention prevents ventricular volume overload and 
resulting congestive heart failure. Although observation and 
transcatheter coil embolization have been described, these  
management options are limited to highly selected patients, 
because surgical treatment of coronary artery fistulas is effica-
cious, reliable, and durable. If the fistula arises from the distal 
end of the coronary artery, ligation may be performed without 
cardiopulmonary bypass. Before permanent ligation, a trial 
occlusion of the affected coronary artery at the distal site should 
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Surgical correction of ALCAPA
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The technique involves direct reimplantation of the anomalous
LCA into the aorta by transferring it with a button of pulmonary
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The aorta and the pulmonary artery are transected. The cut of the aorta
is slanted and above the sinuses of the Valsalva. The pulmonary artery is
divided above its valve at the same level of the transection of the aorta.
Sinuses of the aorta and pulmonary artery are excised to translocate the
coronary ostia from the pulmonary artery to the neoaorta. Pericardium
is utilized to reconstruct the neopulmonary artery sinuses.

figure 57-3 Surgical procedures for correction of congenital coronary artery anomalies. ALCAPA, anomalous origin of the left 
coronary artery from the pulmonary artery; LCA, left coronary artery; RCA, right coronary artery; RV, right ventricle.

be performed to observe for signs of ischemia. If signs of myo-
cardial ischemia are absent, ligation may then be performed. If 
the fistula arises from the midportion of a coronary artery, car-
diopulmonary bypass with cardioplegic arrest allows the surgeon 
to open the abnormal coronary artery and to oversew the fistula 
at that point. If coronary artery luminal compromise occurs, 
bypass grafting may be warranted. In other instances, the  
fistulous tract may be closed internally via access through the 
involved cardiac chamber (see Fig. 57-3).

CoronAry Artery AnomAlies 
AssoCiAted with CongenitAl  
heArt diseAse

Several important forms of congenital heart disease are associ-
ated with coronary artery anomalies, and this can have major 
implications for surgical repair. Coronary artery anomalies are 
particularly important in patients with tetralogy of Fallot, trans-
position of the great arteries (TGA), and pulmonary atresia with 
an intact ventricular septum (see Fig. 57-2).
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Coronary artery anomalies are reported in 18% to 31% of 
patients with tetralogy of Fallot. Most commonly, this involves 
a large coronary artery crossing the right ventricular (RV) 
outflow tract just below the pulmonary valve. These anomalies 
include origin of the left anterior descending artery from the 
RCA, a large conus branch across the RV outflow tract, a paired 
anterior descending coronary artery off the RCA, and an origin 
of both coronary arteries from a single left ostium. In each situ-
ation, the potential exists for damage to or severing of the coro-
nary artery during a right ventriculotomy to correct RV outflow 
tract obstruction.

In pulmonary artery atresia with an intact ventricular septum, 
embryonic sinusoids within the right ventricle may persist and 
communicate with the epicardial coronary arteries in any of 
several ways. Usually this occurs in patients with diminutive RV 
chambers and severe RV hypertrophy. The communications 
may feed one or both coronary arteries and may be associated 
with proximal or distal coronary stenosis, or both, at the inser-
tion site of the fistulous communications. In some patients with 
coronary stenosis, the coronary fistulous connections are suffi-
ciently developed to produce an RV-dependent coronary circu-
lation. Angiography of the RV cavity is required to demonstrate 
retrograde filling of one or more coronary arteries via the fistu-
lous connection. Coronary angiography can determine whether 
the LV myocardium is normally perfused or whether substantial 
segments are perfused from the right ventricle through myocar-
dial sinusoids. In this circumstance, perfusion of parts of the  
left ventricle from the right ventricle must be identified before 
surgical repair. Importantly, correction of the RV outflow tract 
obstruction that is present in tetralogy of Fallot results in a 
reduced pressure within the right ventricle, which can mean 
decreased perfusion pressure for the sinusoid-LCA branches, 
decreased perfusion of the left ventricle, and ultimately myocar-
dial ischemia and/or infarction during surgery.

Patients who have pulmonary artery atresia with an  
intact ventricular septum usually require an early systemic-to-
pulmonary shunt and, if the tricuspid valve and RV chamber 
have growth potential, surgical relief of the pulmonary atresia. 
If the right ventricle is miniscule, a Fontan procedure is the 
definitive treatment. However, if the myocardium is perfused 
via the right ventricle through sinusoids because of stenotic 
coronary arteries, then a systemic right ventricle must be pre-
served as part of the Fontan operation. Cardiac transplantation 
may be the only option for patients with pulmonary artery 
atresia with an intact ventricular septum.

The treatment for patients with a simple dextraposed-trans-
position (D-transposition) of the great arteries (D-TGA) or 
D-TGA with a ventricular septal defect is an arterial switch 
operation during the neonatal period (see Fig. 57-3). In D-TGA, 
both in its simple form and with a ventricular septal defect, the 
aorta arises from the right ventricle, and the pulmonary artery 
arises from the left ventricle. Until the 1970s, the preferred 
surgical management was an atrial switch. Subsequently, the 
preferred procedure has been the arterial switch. During the 
arterial switch procedure, the coronary arteries are transferred 
from the anterior semilunar valve to the posterior valve along 
with reversing the location of the great vessels to the appropriate 
ventricles. The success of the operation depends on the transfer 
of the coronary arteries without compromising the blood supply 

of the coronary circulation. Seven different coronary artery pat-
terns are recognized in patients with a D-TGA, but normal 
anatomy is present in 60% to 70% of patients. Although certain 
unusual coronary artery patterns were formerly associated with 
an increased mortality rate, the specific coronary artery anatomy 
has become less important as surgical experience with this oper-
ation has improved technical approaches and overall outcomes. 
The presence of an intramural coronary artery, a segment of 
coronary artery that courses within the wall of the aorta without 
a separate layer of adventitial tissue between the coronary artery 
and the aorta, remains a difficult challenge. Although follow-up 
angiography after the arterial switch operation shows varying 
coronary artery abnormalities in approximately 10% of patients, 
most patients are asymptomatic.

future direCtions

Several issues of anomalous coronary arteries remain to be 
explored, including but not limited to choosing the best nonin-
vasive diagnostic imaging technique, further pathophysiologic 
characterization of myocardial perfusion in patients with anom-
alous coronary arteries, and defining indications for percutane-
ous intervention in adults who have symptomatic coronary 
disease in anomalous coronary vessels.

The tools for noninvasive imaging of anomalous coronary 
arteries include 16-slice multidetector spiral CT and free-
breathing, three-dimensional coronary magnetic resonance 
angiography (MRA). Spiral CT, a noninvasive imaging modal-
ity, has comparable resolution to MRA and is faster and less 
costly. Free-breathing, three-dimensional coronary MRA is 
limited by availability, time, cost, and patient comfort. MRA 
studies are challenging to perform because of the enclosed space 
in which patients must be placed and the length of time to 
complete an evaluation. Intravascular ultrasound has been used 
in some institutions allowing for cross-sectional imaging of the 
coronary lumen as well as determination of wall thickness, but 
this invasive procedure is operator-dependent and can be used 
only in adults. Ultimately, the best method for defining anoma-
lous coronary vessels will depend on the degree of resolution of 
the technique and other considerations including cost and avail-
ability. As imaging techniques improve, noninvasive imaging for 
anomalous coronary arteries will probably become the standard 
of care. Advances already made in imaging technologies promise 
to further improve imaging of anomalous coronary circulation 
in the future.

Further investigation is warranted into regional myocardial 
flow reserve in survivors of ALCAPA related to its underlying 
pathology (i.e., endocardial and subendocardial fibrosis, damage 
to the papillary muscles, patchy myocardial necrosis, dilation of 
the ventricle, mitral incompetence, LCA hypoplasia of the 
media, distal stenosis and hypoplasia of the RCA). Physiologic 
issues will also require further definition with regard to myo-
cardial perfusion after treatment in long-term survivors of this 
often lethal condition.

As stated, the use of the arterial switch operation for TGA 
has resulted in significantly improved outcomes. However, com-
plications in patients who were treated with the atrial switch are 
now being seen, predominantly related to dysfunction of the 
right ventricle, tricuspid valve, and the baffle itself. Surgical 
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management is challenging with these patients, who eventually 
require a heart transplant.

Anomalous coronary arteries have a reported frequency  
of approximately 1.33% in nonselected patients undergoing 
coronary angiography; it can therefore be predicted that adults 
who have anomalous coronary arteries will present with symp-
tomatic coronary artery disease in these vessels later in life. 
Because this anatomy may offer unique challenges for interven-
tional cardiologists, specific indications for percutaneous inter-
vention remain to be defined in this area of improving 
interventional technology.
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Cardiovascular Disease in Pregnancy

Patricia P. Chang and Eileen A. Kelly

A s more women delay childbearing into their thirties 
and forties, the interaction between coronary disease, its 

risk factors, and pregnancy becomes increasingly important  
in prenatal care. In addition to traditional cardiovascular risk,  
more women with congenital heart disease are reaching  
childbearing age. Pregnancy presents unique challenges for  
the management of cardiovascular diseases, necessitating a  
multidisciplinary approach to achieve optimal maternal and  
fetal outcomes. Understanding normal physiologic adaptations 
to pregnancy and their potential effect on cardiovascular hemo-
dynamics is central to the management of pregnant women  
with coronary artery, valvular, congenital, or myocardial 
abnormalities.

PhysiologiC ADAPtAtions  
to PregnAnCy

Changes during Pregnancy

Important hemodynamic changes occur during pregnancy as  
a result of increases in red blood cell mass and plasma  
volume. Red blood cell mass typically increases by 20% to 30%, 
while plasma blood volume can increase even more—generally 
by about 50%. The etiology of the increase in blood volume  
is multifactorial and due mainly to activation of the renin- 
angiotensin-aldosterone system by estrogen. In addition, other 
pathways responsible for water retention are stimulated by other 
pregnancy-related hormones (Fig. 58-1). This relative increase 
in total blood volume results in a relative anemia, referred to as 
the physiologic anemia of pregnancy.

Cardiac output increases by approximately 45% during a 
normal pregnancy, starting as early as 5 weeks after the last 
menstrual period, predominantly from an increase in stroke 
volume (during the first and second trimesters) and an increase 
in heart rate (10–20 bpm during the third trimester). Most of 
the increase in cardiac output occurs by gestational week 16. 
This increase is followed by a further, slower increase in cardiac 
output that peaks at week 24 until week 32. Systemic vascular 
resistance (SVR) decreases 34% by 20 weeks as a result of 
decreased aortic compliance and arteriovenous shunting in the 
uterus. Subsequently, in the final weeks of pregnancy there is a 
slight decrease in cardiac output that reflects the decrease in 
stroke volume due to increased SVR (see Fig. 58-1, middle).

Related to these hemodynamic changes are structural changes 
of the heart. The left ventricular (LV) mass increases because 
of increased LV end-diastolic volume, decreased LV end- 
systolic volume, and increased wall thickness. The valvular 
cross-sectional area also increases, resulting in more physiologic 
regurgitation, affecting the tricuspid and pulmonary valves  
more commonly than the mitral valve. Although flow murmurs 
(due to increased flow across the aortic valve) are common  
in pregnancy, it is rare that there is sufficient tricuspid or pul-
monic regurgitation to result in a murmur or significant hemo-
dynamic effects.

Positional changes also have hemodynamically significant 
effects on the pregnant woman. Of particular importance is the 
supine hypotension syndrome characterized by symptoms of 
near-syncope/syncope caused by compression or occlusion of 
the inferior vena cava by the gravid uterus when the pregnant 
woman lies supine. Symptoms can be relieved by assuming 
another position, particularly the left lateral decubitus position 
(see Fig. 58-1, lower). The supine hypotension syndrome is 
one of the primary reasons to advise pregnant women against 
exercising in the supine position after the first trimester. This 
positional effect must also be recognized in the event that a 
pregnant woman (particularly in the second or third trimester) 
requires cardiopulmonary resuscitation. If this unfortunate situ-
ation arises, the woman should be placed in the left lateral 
decubitus position.

Changes during Labor and Delivery

Marked increases in stroke volume, heart rate, and, subse-
quently, cardiac output occur during labor and delivery. Blood 
pressure (both systolic and diastolic) and oxygen consumption 
also increase significantly. The degree of pain and anxiety 
during labor has a dramatic effect on these parameters, and 
modulation via analgesia, sedation, or both can limit the hemo-
dynamic changes and can be very important for women with 
hemodynamically significant cardiovascular disease.

Hemodynamic changes occur with both vaginal delivery and 
cesarean section (C-section). The decision to pursue cesarean 
delivery should be individualized and based on the status of the 
fetus and the hemodynamic state of the mother. Although coun-
terintuitive, vaginal delivery has been demonstrated to cause 
fewer hemodynamic alterations than C-section and is generally 
better tolerated even in women with heart disease. Therefore, 
vaginal delivery is the recommended mode of delivery unless 
there is an obstetric indication for C-section. Exceptions in 
pregnant women with heart disease include individuals with a 
markedly dilated aortic root (>5.5 cm) as seen in Marfan’s syn-
drome (in whom a hypertensive episode might cause aortic 
dissection), women with severe aortic coarctation with poorly 
controlled hypertension, and in the setting of acute severe car-
diovascular decompensation.

Changes in the Postpartum Period

After delivery, cardiac output again increases because of 
increased venous return from relief of vena caval compression, 
autotransfusion of uterine blood, and fluid mobilization. Most 
reports show cardiac output returning to prelabor values within 
1 hour of delivery and continuing to return toward baseline 
values within 2 to 6 weeks after vaginal delivery. Fluid shifts are 
greatest in the first 48 to 72 hours postpartum. Caution should 
be exercised in volume administration in postpartum patients 
with heart failure.
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Figure 58-1 Cardiovascular adaptations to pregnancy. Na+, sodium.
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CliniCAl PresentAtion

Cardiac Examination during  
Normal Pregnancy

The symptoms of normal pregnancy—including fatigue, 
dyspnea, palpitations, and even near-syncope—in association 
with the normal signs of pregnancy (including augmentation of 
the jugular venous pulsations, normal heart sounds or murmurs, 
and a modest amount of lower extremity edema) may be misin-
terpreted as those of cardiac disease. Conversely, pathologic 

signs and symptoms at times may be attributed to normal preg-
nancy. Thus, knowledge of the normal cardiac examination 
during pregnancy is crucial (Table 58-1).

Although the presence of an S3 sound is generally considered 
a normal finding in pregnancy and in young adults, it is still 
relatively rare in the healthy pregnant state. An S4 is unusual 
and generally indicates underlying cardiovascular pathology. 
Because of increased plasma volume and cardiac output, as 
noted previously, new or more prominent systolic flow murmurs 
are often present during pregnancy. Although diastolic murmurs 
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table 58-1 Normal Physical Findings for the Cardiac 
Examination during Pregnancy

examination Findings

Precordial palpation Laterally displaced LV impulse
Palpable RV impulse

Heart sounds Increased intensity of S1 and S2

Splitting of S1

Increased physiologic splitting of S2

Heart murmurs Midsystolic murmurs (common; 
usually grades I–II/VI), heard best at 
left lower sternal border

Diastolic murmurs (rare; soft, 
medium- to high-pitched), heard 
best over the pulmonic area and 
over the left sternal border

Continuous murmurs:
Cervical venous hum—heard best over 

the right supraclavicular fossa
Mammary souffle (may also be heard 

as only a systolic murmur)—heard 
best in the left second to fourth 
intercostal spaces; decreased by 
pressing stethoscope firmly against 
the chest wall in the upright 
position

LV, left ventricular; RV, right ventricular.

have been reported in normal pregnancy, if a diastolic murmur 
is identified, further workup is indicated. Transthoracic  
echocardiography should be performed to evaluate for valvular 
pathology. With more plasma volume the pregnant woman may 
show mild jugular venous distention and peripheral edema. The 
pulse pressure will typically increase with more decrease in the 
diastolic blood pressure than in the systolic component.

DiFFerentiAl DiAgnosis

Distinguishing between normal and pathologic symptoms 
during pregnancy is often difficult even with a good understand-
ing of a normal cardiac examination of the pregnant woman. 
Common cardiac symptoms that may or may not be cardiac  
in origin include chest pains, palpitations, exertional dyspnea or 
fatigue, and peripheral edema. Chest pains during pregnancy 
are rarely cardiac in etiology but should warrant an ECG and, 
as indicated, further evaluation if symptoms are worrisome for 
angina. Palpitations are frequently premature atrial or ventricu-
lar beats, but a Holter monitor is indicated if any other symp-
toms accompany palpitations or if their frequency increases 
significantly during pregnancy. Differentiating normal preg-
nancy symptoms from heart failure symptoms may be difficult. 
Evidence of either pulmonary congestion (rales on examination) 
or ventricular enlargement (a displaced point of maximal cardiac 
impulse or a right ventricular heave) should always be con-
sidered pathologic.

DiAgnostiC APProACh

Taking a comprehensive history of the pregnant patient is 
important to determine if she has a preexisting cardiac condition 

that may warrant her obstetric care be managed in a high-risk 
clinic by a maternal-fetal medicine subspecialist in conjunction 
with frequent visits to her cardiologist. Peripartum cardiac com-
plications are rare (<1%) and mostly related to hypertension and 
preexisting chronic cardiovascular disease (congenital heart 
disease, pulmonary hypertension, aortic pathology, rheumatic 
heart disease, valvular disease, cardiomyopathies, coronary 
artery disease). The most severe cardiac complications of peri-
partum onset are peripartum cardiomyopathy and acute myo-
cardial infarction. When women with no risk factors for coronary 
atherosclerosis present with symptoms and/or findings sugges-
tive of an acute coronary syndrome, coronary artery dissection 
(see discussion below) should also be considered. The remainder 
of this chapter describes the evaluation and management of 
common cardiovascular conditions in the pregnant woman.

Preexisting DiseAse stAtes  
AnD PregnAnCy

Maternal and fetal risks of cardiac disease generally depend on 
the underlying cardiovascular lesion and the functional class of 
the mother. Overall, women with functional New York Heart 
Association (NYHA) class I and II have a low mortality rate 
(<1% during pregnancy), whereas those with NYHA class III 
and IV have a much higher associated mortality rate (>7%). An 
updated risk index has been proposed to better risk-stratify 
pregnant women with heart disease. This index includes four 
predictors of primary events: prior cardiac events or arrhythmia; 
baseline NYHA class greater than II or cyanosis; significant left 
heart obstruction (mitral valve area <2 cm2, aortic valve area 
<1.5 cm2, or a peak LV outflow tract gradient >30 mm Hg by 
echocardiography); and reduced systemic ventricular systolic 
function (ejection fraction <40%).

Ideally, prepregnancy counseling provides the patient with 
information about case-specific maternal and fetal risks to 
prepare for the safest pregnancy possible. This also allows the 
physician and the patient to discuss risk factor modification and 
potential prenatal surgical correction of the underlying defect if 
pregnancy is desired.

Congenital Heart Disease

Congenital heart disease is thought to be multifactorial in 
origin, arising from a genetic predisposition combined with 
environmental factors. In general, the risk to offspring is modest 
(~3% to 5%) but much greater than in the general population. 
It should be noted, however, that reported rates vary between 
1% and 18%, depending on the specific type of maternal lesion 
and the number of affected siblings. Maternal congenital heart 
disease confers different risks to both the mother and fetus, 
depending on the type of lesion (Table 58-2).

Uncomplicated acyanotic lesions, including atrial and ven-
tricular septal defects, patent ductus arteriosus (with left to right 
shunting), and aortic coarctation, are usually well tolerated 
during pregnancy. Patients with coarctation who develop  
severe hypertension are at risk for heart failure, cerebral aneu-
rysm rupture, and aortic dissection. Therefore, modest, but  
not aggressive, blood pressure control is warranted for this 
population.
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table 58-2 Congenital Heart Disease and Maternal and/or Fetal Risk during Pregnancy (Excluding Valvular Disease)

high risk Moderate risk low risk

• Any disease with NYHA class III or IV symptoms
• Severe pulmonary hypertension with septal 

defects (e.g., Eisenmenger’s syndrome) or 
without septal defects

• Severe LV outflow tract obstruction
• Cyanotic heart disease with pulmonary 

hypertension
• Marfan’s syndrome

• Systemic right ventricle (TGA after 
atrial switch procedure, congenitally 
corrected TGA)

• Cyanotic lesions without pulmonary 
hypertension

• Fontan-type circulation

• Ventricular septal defects
• Atrial septal defects (unoperated)
• Patent ductus arteriosus
• Coarctation of the aorta 

(repaired)
• Tetralogy of Fallot

LV, left ventricular; NYHA, New York Heart Association; TGA, transposition of the great arteries.

The maternal and fetal outcomes of pregnancy in acyanotic 
and cyanotic women with congenital heart disease are favorable 
provided that their NYHA functional class is I or II and the 
ejection fraction measured at the beginning of pregnancy is 
normal. However, the outcome of pregnant women with cya-
notic or complex lesions depends significantly on the type of 
lesion, the state of surgical repair (if any), the degree of pulmo-
nary hypertension, the magnitude of hypoxemia, and the func-
tional status of the mother. Hence, it is important to address 
each case individually.

Pulmonary Vascular Disease and 
Eisenmenger’s Syndrome

The spectrum of pulmonary vascular disease includes primary 
pulmonary hypertension, secondary vascular pulmonary hyper-
tension, and Eisenmenger’s syndrome. Although the morbidity 
and mortality of these disease states are high in the general 
population, the coexistence with pregnancy poses an exception-
ally high risk of poor maternal and fetal outcomes. Maternal 
mortality rates in pregnant women with pulmonary hyperten-
sion are high—in the range of 30% to 50%. There is consider-
able variability, based on literature reports, depending on the 
etiology of pulmonary vascular disease: 36% for Eisenmenger’s 
syndrome, 30% for primary pulmonary hypertension, and 56% 
for secondary vascular pulmonary hypertension in the most 
complete series reported. Typically, women with pulmonary 
vascular disease and Eisenmenger’s syndrome are at highest risk 
shortly after delivery from sudden or progressive heart failure, 
arrhythmia, or thromboembolic events. It also appears that late 
hospitalization, operative delivery, pulmonary vasculitis of a  
systemic disease, and illicit drug use are risk factors associated 
with maternal death in the secondary vascular but not primary 
pulmonary hypertension group.

Because of these very high mortality rates, women with  
pulmonary vascular disease and Eisenmenger’s syndrome  
should be advised against becoming pregnant. If these states  
are diagnosed in gestation, early termination of the pregnancy 
is recommended. If the patient refuses termination or if pulmo-
nary vascular disease is diagnosed late in pregnancy, physical 
activity should be limited, bed rest should be advised for  
the third trimester, and the patient must be closely monitored. 
Early hospitalization has decreased mortality in pregnant  
women with secondary vascular pulmonary hypertension and 
Eisenmenger’s syndrome.

Standard drug therapies include calcium channel blockers, 
inhaled nitric oxide, and inhaled or intravenous prostaglandins. 
Anticoagulation therapy is controversial but usually recom-
mended during the third trimester, to be continued for 4 to 6 
weeks postpartum. Spontaneous vaginal delivery is preferred, 
with attempts to shorten the second stage of labor using forceps 
or vacuum extraction. The use of pulmonary artery catheters for 
hemodynamic management during labor, though advocated by 
some, remains controversial.

Marfan’s Syndrome

Marfan’s syndrome is a connective tissue disorder with an  
autosomal-dominant pattern of inheritance. It can have signifi-
cant cardiovascular involvement, most commonly involving 
mitral valve prolapse and dilation of the aortic root at the  
level of the sinuses of Valsalva. Mitral regurgitation, aortic 
regurgitation, and aortic dissection can develop before or during 
pregnancy in women with Marfan’s syndrome. Otherwise 
healthy pregnant women are at increased risk for aortic dissec-
tion, and pregnant women with Marfan’s syndrome potentially 
possess an even greater risk for this devastating event. Pregnant 
women with Marfan’s syndrome and only minor cardiovascular 
involvement and an aortic root diameter less than 40 mm usually 
tolerate pregnancy without difficulty and have little change in 
aortic root diameter. However, pregnant women with Marfan’s 
syndrome and an aortic root measuring greater than 40 mm, 
aortic regurgitation, or a history of aortic dissection are at 
higher risk.

Because of these risks, women with Marfan’s syndrome are 
often advised against becoming pregnant. When pregnant, 
women with Marfan’s syndrome should be advised to avoid 
vigorous activity. Because β-blockers decrease the rate of 
aortic root dilation and aortic complications in the general 
population with Marfan’s syndrome, they are routinely admin-
istered to all pregnant women with Marfan’s syndrome. Serial 
echocardiograms are usually performed to monitor for aortic 
root dilatation.

Valvular Heart Disease

Rheumatic heart disease (most commonly mitral stenosis) is the 
most common cause of valvular disease in developing countries 
and in the United States with increasing immigration. It is  
not uncommon for mitral stenosis to be diagnosed first during 
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table 58-3 Valvular Heart Lesions Associated with High versus Low Maternal and/or Fetal Risk during Pregnancy

Condition high risk low risk

Aortic stenosis 1. Severe with or without symptoms
2. With severe pulmonary hypertension (pulmonary 

pressure >75% of systemic pressures)
3. With severe LV systolic dysfunction (EF <40%)

Asymptomatic with low mean gradient 
(<25 mm Hg and aortic valve area 
>1.5 cm2) and normal LV systolic function 
(EF >50%)

Aortic regurgitation 1. NYHA class III–IV symptoms
2. With severe pulmonary hypertension (pulmonary 

pressure >75% of systemic pressures)
3. With severe LV systolic dysfunction (EF <40%)

NYHA class I or II with normal LV systolic 
function

Mitral stenosis 1. NYHA class II–IV symptoms
2. With severe pulmonary hypertension (pulmonary 

pressure >75% of systemic pressures)
3. With severe LV systolic dysfunction (EF <40%)

Mild severity (mitral valve area >1.5 cm2, 
gradient <5 mm Hg) without severe 
pulmonary hypertension

Mitral regurgitation 1. NYHA class III–IV symptoms
2. With severe pulmonary hypertension (pulmonary 

pressure >75% of systemic pressures)
3. With severe LV systolic dysfunction (EF <40%)

NYHA class I or II with normal LV systolic 
function

Other conditions 1. Mechanical prosthetic valve requiring anticoagulation
2. Marfan’s syndrome with or without AR

1. MVP with no MR or with mild to moderate 
MR with normal LV systolic function

2. Mild to moderate pulmonary valve 
stenosis

Adapted from Bonow RO, Carabello BA, Chatterjee K, et al. 2008 focused update incorporated into the ACC/AHA 2006 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 (Writing Committee to revise the 1998 guidelines for the management of patients with valvular heart disease). 
Endorsed by the Society of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography and Interventions, and Society of 
Thoracic Surgeons. J Am Coll Cardiol. 2008;52:e1–e142.

AR, aortic regurgitation; EF, ejection fraction; LV, left ventricular; MR, mitral regurgitation; MVP, mitral valve prolapse; NYHA, New York Heart 
Association.

pregnancy (see below). Guidelines for the management of 
patients with valvular heart disease have been recently updated 
and now also summarize management based on associated 
maternal and/or fetal risk (Table 58-3).

Regurgitant valvular lesions, unless severe, are usually well 
tolerated in pregnancy because of a physiologic afterload reduc-
tion (decreased SVR), increased plasma volume, and a hyperdy-
namic and tachycardiac state. Mitral valve prolapse is the most 
common valvular disease and the most common cause of  
mitral regurgitation in young women, but it may resolve during 
pregnancy as a result of mitral annulus stretching and LV 
enlargement. Mitral valve prolapse is generally well tolerated 
with no increased risk of complications unless there is consider-
able mitral regurgitation. Both mitral and aortic regurgitation 
can usually be managed medically with diuretics for pulmonary 
congestion and vasodilator therapy. Vasodilator therapy is indi-
cated for regurgitant lesions only if there is coexisting hyperten-
sion. Rarely, valve surgery is required because of severe NYHA 
class III to IV symptoms.

Mild congenital aortic stenosis, mild mitral stenosis, and  
mild to moderate pulmonic stenosis are also fairly well  
tolerated. Nonetheless, pregnant women with stenotic valvular 
lesions require close monitoring throughout pregnancy, labor, 
and delivery. On rare occasions prompt intervention may  
be necessary if stenotic lesions result in hemodynamic compro-
mise. Ideally, women with significant stenotic valvular lesions 
should either have their valves repaired or replaced before  
pregnancy, or be counseled against becoming pregnant. Valvu-
loplasty of severe aortic and pulmonic stenosis has also  

been successfully performed during pregnancy. Infrequently, 
aortic and mitral valves have been replaced during pregnancy 
for refractory symptoms or deterioration of functional class. 
Because of the considerable risk this confers to the mother and 
fetus, surgical valve replacement should be considered only  
a last resort.

Mitral stenosis often becomes symptomatic and first diag-
nosed during pregnancy. Symptoms usually develop in the later 
part of pregnancy from the increase in stroke volume and heart 
rate, leading to an increase in the transvalvular gradient. In 
addition, higher left atrial pressure can precipitate pulmonary 
edema, exacerbated by decreased diastolic filling as heart rates 
increase during pregnancy. In addition, there is a higher risk 
of atrial arrhythmias, including atrial fibrillation, with a resul-
tant decrease in cardiac output. Therefore, the institution of 
modest diuretic (to relieve congestion) and β-blocker therapy 
(to avoid tachycardia) as well as salt, fluid, and activity restric-
tion are effective. Digoxin may also be of benefit if atrial fibril-
lation develops. If the stenosis is moderate to severe with 
NYHA class III or IV symptoms and medical therapy is unsuc-
cessful, percutaneous balloon valvuloplasty should be consid-
ered before labor and delivery. However, even with severe 
mitral stenosis (based on hemodynamic measurements), if 
symptoms are minimal, generally the pregnancy and delivery 
are well tolerated.

The most common cause of aortic stenosis in the pregnant 
woman is congenital. In the case of bicuspid aortic valve disease, 
aortic root dilation or aortopathy may be an associated finding 
with potential risk of spontaneous aortic dissection in the  
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third trimester, especially if there is aortic coarctation. Ideally, 
moderate to severe aortic stenosis should be corrected before 
conception. In the pregnant patient with severe aortic stenosis 
who is asymptomatic or has mild symptoms during pregnancy, 
conservative management is often sufficient with bed rest, 
oxygen, and β-blockers. However, for the pregnant patient with 
symptomatic severe aortic stenosis, percu taneous balloon valvu-
loplasty or surgery should be considered before labor and deliv-
ery. If surgery is pursued with future pregnancy anticipated, the 
Ross procedure is preferred simply to minimize the complexity 
of anticoagulation during pregnancy and delivery.

Guidelines for antibiotic prophylaxis for valvular disease to 
prevent bacterial endocarditis have also been updated. Routine 
antibiotic prophylaxis is not recommended for uncomplicated 
vaginal delivery or C-section unless infection is suspected.  
In the most recently published American Heart Association/
American College of Cardiology (AHA/ACC) guidelines, anti-
biotic prophylaxis for high-risk patients (including those with a 
prosthetic valve, any degree of valvular stenosis, moderate or 
severe regurgitant valvular disease, previous history of endocar-
ditis, complex congenital heart disease, or surgically constructed 
systemic-pulmonary conduits) has been categorized as a class  
IIa indication.

The pregnant patient with a prosthetic valve presents a chal-
lenging scenario, because pregnancy is both a hypercoagulable 
and hyperdynamic state. Thrombogenic mechanical prosthetic 
valves require chronic anticoagulation with warfarin, which is 
associated with a 15% to 25% risk of embryopathy in the first 
trimester, but the alternatives to warfarin (e.g., heparin) are not 
as effective. Although the less thrombogenic bioprosthetic valves 
do not require anticoagulation, they are less durable and carry a 
higher risk of accelerated degeneration during pregnancy. Thus, 
the recommendations for anticoagulation in the pregnant patient 
are as follows: heparin (either low-molecular-weight subcutane-
ous or unfractionated intravenous) for gestational weeks 6 
through 12; if desired, change to warfarin until week 36, then 
change back to heparin after week 36; and finally, resume warfa-
rin postpartum as soon as the obstetrician approves.

Heart Failure

Managing pregnant women with some form of preexisting car-
diomyopathy (dilated, hypertrophic, or restrictive cardiomyopa-
thy) is becoming more common. Prepregnancy counseling is of 
paramount importance and should be individualized based on a 
risk-benefit analysis. While medical management should be 
optimized for women with preexisting cardiomyopathy of any 
type (see Chapter 23), it is critical that treating physicians avoid 
medications that are potentially teratogenic. The most common 
nonteratogenic alternative therapeutic change involves using 
hydralazine rather than an angiotensin-converting enzyme 
(ACE) inhibitor for afterload reduction. In addition, close moni-
toring of systolic function with echocardiography is warranted 
for those with or at risk of decreased contractility, particularly 
during the third trimester when hemodynamic changes are 
greatest. Invasive hemodynamic monitoring may be helpful 
during labor and delivery and early postpartum management, 
but this remains controversial.

CArDiovAsCulAr DiseAse unique  
to PregnAnCy

Hypertension in Pregnancy

In 2000, the National Heart, Lung and Blood Institute issued 
an update to its Working Group Report on High Blood  
Pressure in Pregnancy. This NHLBI working group classified 
high blood pressure during pregnancy into five categories based 
on the Sixth Report of the Joint National Committee on Detec-
tion, Evaluation and Treatment of High Blood Pressure guide-
lines: chronic hypertension, gestational hypertension, transient 
hypertension, preeclampsia superimposed on chronic hyperten-
sion, and preeclampsia-eclampsia. These categories can help 
predict the course of hypertension and the necessity for treat-
ment. If pharmacologic treatment is required in addition to 
lifestyle modifications during pregnancy, methyldopa is the pre-
ferred first-line therapy, since it has no teratogenic effects (class 
B). If methyldopa is not tolerated, labetalol is the next choice, 
although there are no large-scale studies in pregnant women. 
Other alternatives may be used on the basis of risk-benefit data 
(e.g., other β-blockers, calcium channel blockers, hydralazine). 
ACE inhibitors and angiotensin receptor blockers are contrain-
dicated in pregnancy.

Chronic hypertension is defined as hypertension (blood  
pressure >140/90 mm Hg) diagnosed before pregnancy, before 
week 20 of gestation, or during pregnancy that does not resolve 
postpartum. This is more common in African Americans, dia-
betics, patients with chronic renal disease, and obese patients. 
Most of the increased risk in this population occurs with super-
imposed preeclampsia.

Gestational hypertension is high blood pressure diagnosed 
for the first time after midpregnancy (after week 20) with no 
accompanying proteinuria. If preeclampsia does not develop and 
blood pressure returns to normal by 6 to 12 weeks postpartum, 
the final diagnosis is transient hypertension. However, if post-
partum blood pressure remains high, the final diagnosis is 
chronic hypertension.

Preeclampsia superimposed on chronic hypertension is diag-
nosed when a patient with hypertension, but without protein-
uria before week 20 of gestation, develops proteinuria. This 
diagnosis is also made when a patient with hypertension and 
proteinuria before week 20 has a sudden increase in proteinuria, 
a sudden increase in blood pressure, a platelet count drop to less 
than 100,000, or an acute elevation in serum transaminases: 
aspartate aminotransferase (AST) or alanine aminotransferase 
(ALT). Risk factors for developing preeclampsia are listed in 
Table 58-4.

The classification of preeclampsia-eclampsia applies to 
women who develop increased blood pressure associated with 
proteinuria after week 20 of gestation (Fig. 58-2). Particularly 
worrisome signs that signal the likelihood of preeclampsia-
eclampsia include systolic blood pressure of 160 mm Hg  
or higher and/or diastolic blood pressure of 110 mm Hg  
or higher, proteinuria greater than 2.0 g per 24 hours, increased 
serum creatinine concentration, platelet count below 100,000 
with or without evidence of microangiopathic hemolytic  
anemia, and elevated AST or ALT concentrations. Additional 
symptoms that should raise concern include persistent epigastric 
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table 58-4 Risk Factors for Preeclampsia, Peripartum 
Cardiomyopathy, and Peripartum Acute 
Myocardial Infarction

Condition risk Factors

Preeclampsia Hypertension
Collagen vascular disease
Obesity
Black race
Insulin resistance
Diabetes
Increased circulating testosterone
Thrombophilias

Peripartum 
cardiomyopathy

Advanced maternal age (>30 years)
Multiparity
Multiple gestation
Black race
Preeclampsia or sustained hypertension
Long-term tocolysis

Acute myocardial 
infarction

Advanced maternal age (≥30 years)
Hypertension
Thrombophilia
Smoking
Transfusion
Diabetes mellitus
Postpartum infection

discomfort, persistent headaches, visual disturbances, and other 
central nervous system complaints.

The etiology of preeclampsia-eclampsia is unknown. It is a 
systemic disease that is associated with significant increased 
morbidity and mortality for the mother and fetus. The severity 
of preeclampsia varies from mild to severe, and it may progress 
rapidly and unpredictably. In general, patients with mild  
preeclampsia may be closely supervised. Those with severe  
preeclampsia should be admitted to a tertiary care center and 
monitored closely for signs of maternal and/or fetal distress. 
Preeclampsia can progress to eclampsia, a convulsive phase  
that may be fatal. Cerebral infarction and hemorrhage account 
for most deaths in preeclampsia-eclampsia. Intravenous hydral-
azine, labetalol, and nitroglycerin are commonly used to  
treat the hypertension. Magnesium sulfate is recommended to 
prevent seizures in severe preeclampsia and also to treat  
and prevent recurrent seizures in eclampsia. Delivery timing 
should be based on maternal and fetal conditions, including 
gestational age. Ultimately, delivery is the cure for preeclamp-
sia. Signs and symptoms usually regress within 24 to 48 hours 
postpartum but can last longer. Therefore, it is important  
to monitor postpartum women with preeclampsia-eclampsia 
until the blood pressure and other abnormal parameters have 
normalized.

Peripartum Cardiomyopathy

Peripartum cardiomyopathy (PPCM) is a rare form of heart 
failure affecting otherwise healthy young women. It is defined 
as the onset of cardiac failure without identifiable cause within 
the last month of pregnancy or within 5 months after delivery 

in the absence of preexisting heart disease. Its case definition 
was standardized at a National Institutes of Health consensus 
workshop in 2000 to include strict echocardiographic criteria 
for LV dysfunction (LV ejection fraction <45% or M-mode 
fractional shortening <30%, or both, and end-diastolic dimen-
sion >2.7 cm/m2). Its prevalence is estimated at 1 in 3000 
to 4000 live births in the United States, but rates have  
been higher in Africa (1/1000) and highest in Haiti (1/300). 
The etiology of this disorder remains unknown but is thought 
to be multifactorial, potentially related to infection, nutrition, 
hormones, an autoimmune process, and genetic predisposition. 
An association with tocolytic therapy has also been reported. 
Risk factors for developing PPCM are shown in Table 
58-4. Women with pregnancy-associated cardiomyopathy 
diagnosed earlier than the last gestational month have similar 
characteristics.

The outcome of patients with PPCM is highly variable and 
dependent on whether the LV size and function normalize. 
That said, mortality is high, ranging from 25% to 50%. The 
majority of deaths occur in the first 3 months after diagnosis. In 
approximately 50% of patients with PPCM, systolic function 
returns to normal or near normal within 6 months postpartum. 
The remaining patients demonstrate persistent cardiac dysfunc-
tion or deteriorating function, and experience symptoms and 
complications associated with chronic heart failure. PPCM 
accounts for approximately 5% of reported pregnancy-related 
deaths in the United States with a substantial racial disparity 
(higher mortality ratio for African American women).

Management of PPCM is supportive and includes standard 
treatment for heart failure, including an intra-aortic balloon 
pump or LV assist device or cardiac transplantation when neces-
sary (see Chapters 23 and 24). The risks and benefits of medica-
tions should be reviewed before administration, especially if the 
patient is still pregnant. If the cardiomyopathy is diagnosed 
before delivery, hydralazine is the afterload-reducing agent of 
choice (because ACE inhibitors are teratogenic). ACE inhibitors 
are favored postpartum and are safe for breastfeeding patients. 
In addition, because of the increased risk of thromboembolic 
events in patients with severe LV dysfunction combined with 
the hypercoagulability of the pregnant state, anticoagulation is 
often recommended.

Advisability of future pregnancies is controversial, because 
recurrence with subsequent pregnancies is common. Patients 
with persistent LV dysfunction should avoid future pregnancies. 
For patients whose systolic function returned to normal after 
the initial incident, there is a variation of opinion. Relapse  
of LV dysfunction does occur in this group, albeit less fre-
quently and perhaps less severely than in those with persistent 
systolic dysfunction. Still, the risk of severe LV dysfunction and/
or long-term mild to moderate LV dysfunction is much higher 
in this group than in the general population. A large number of 
women with prior PPCM in whom LV function normalized 
experience a considerable decrease in LV function and clinical 
deterioration. Mechanistically, impaired contractile reserve, 
which can be demonstrated by dobutamine stress echocardiog-
raphy, may be contributory. Based on these observations, even 
for women with prior PPCM in whom systolic function returned 
to normal, subsequent pregnancy should be considered with 
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Preeclampsia-eclampsia is characterized by increase in blood pressure above
160 mm Hg systolic and/or 110 mm Hg diastolic after 20th week of gestation,
accompanied by proteinuria, elevation of serum transaminases, and additional
clinical findings, which usually resolve within 24–48 hours postpartum.
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Figure 58-2 Preeclampsia-eclampsia. ALT, alanine aminotransferase; AST, aspartate aminotransferase.

caution and realization that there is a strong possibility that 
PPCM will recur.

Pulmonary Edema Induced by  
Tocolytic Therapy

Tocolytic agents (commonly β2-receptor agonists, e.g., terbuta-
line) are sometimes used to prevent preterm labor. Although 
these agents are often successful at preventing labor, they have 

important side effects: tachycardia (ventricular tachycardia has 
been reported), chest pain without ECG changes, electrolyte 
abnormalities, and noncardiogenic pulmonary edema. The rate 
of pulmonary edema induced by these agents is low. It is impor-
tant, however, because patients are often misdiagnosed with 
decompensated heart failure, and the question of peripartum 
cardiomyopathy may also arise. The increased incidence of pul-
monary edema seen in women treated with tocolytic therapy is 
most often associated with short-term (<48 hours) intravenous 
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infusions. There has been at least one report associating long-
term (>4 weeks) oral tocolytic therapy with development of 
peripartum cardiomyopathy.

Acute Myocardial Infarction

As a greater number of older women become pregnant, the 
prevalence of coronary artery disease and risk of acute myocar-
dial infarction (AMI) during pregnancy increase. In addition to 
traditional coronary risk factors, pregnancy increases the risk of 
AMI three- to fourfold based on a nationwide sample in which 
the rate was 6.2 per 100,000 deliveries and the case fatality rate 
was 5.1%. Risk factors for AMI are listed in Table 58-4. The 
most common etiology is atherosclerosis with or without intra-
coronary thrombus, similar to acute coronary syndrome presen-
tations in the general population. However, 60% of the time 
there are other causes of AMI in pregnancy, including coronary 
thrombus without atherosclerotic disease, coronary dissection, 
and possible coronary vasospasm. Coronary dissection in the 
peripartum period is uncommon but must be considered in 
women with chest pain in the third trimester or postpartum. 
The mechanisms of coronary dissection in this population are 
unknown. Often these patients can be treated conservatively 
with medical therapy (including anticoagulation), but there are 
times when revascularization is necessary. As in any instance of 
coronary artery dissection, percutaneous coronary intervention 
(and stenting) is more difficult and risky in peripartum patients 
with coronary artery dissection.

Regardless of the etiology, peripartum women who develop 
AMI should be treated with revascularization as appropriate. 
However, medical management may be difficult because of the 
risk of hemorrhage and teratogenesis with antiplatelets and anti-
coagulants. The risk of fetal death is usually associated with 
maternal death, which emphasizes the importance of optimizing 
maternal health.

MAnAgeMent AnD therAPy

Optimum Treatment

Because many cardiovascular diseases may affect the pregnant 
woman, treatment must be individualized yet follow the stan-
dard of care. Ideally, multidisciplinary antenatal discussions 
should be shared among obstetricians, cardiologists, and primary 
care providers. Outcomes are improved for both mother and 
child when there is a thoughtful care plan for the delivery of the 
pregnant woman with cardiovascular disease.

Avoiding Treatment Errors

Because drugs are rarely tested in pregnant women, safety infor-
mation on the vast majority of pharmaceuticals in this popula-
tion is lacking. Most cardiovascular drugs cross the placenta and 
are also secreted in breast milk. Therefore, when possible, it is 
advisable to avoid the use of prescription and over-the-counter 
drugs during pregnancy and during the postpartum period if the 
mother is breastfeeding.

When this is not possible, every effort should be made to use 
a medication that has been shown to be safe during pregnancy. 

The U.S. Food and Drug Administration categorizes drugs 
according to their potential to cause birth defects, based on  
data from human and animal studies. The categories range from 
class A drugs (no documented fetal risks) to class X drugs  
(contraindicated in part or all of pregnancy due to proven tera-
togenicity). Very few cardiovascular drugs are class B (animal 
studies suggest risk, but results are unconfirmed in controlled 
human studies). Examples of class B drugs include methyldopa, 
lidocaine, and sotalol. The majority of cardiovascular drugs  
currently in use are actually class C (animal studies have dem-
onstrated adverse fetal effects, but no controlled human studies 
are available). Examples include most β-blockers (e.g., labetalol, 
metoprolol, propranolol), hydralazine, and calcium channel 
blockers. Finally, class D drugs demonstrate some evidence of 
human fetal risk, but the benefits from use during pregnancy 
may be acceptable despite the risk (e.g., if the drug is needed 
because safer drugs cannot be used or are ineffective). In general, 
if pharmacologic therapy is needed, drugs that have been in use 
for longer periods prescribed at the lowest possible dosages are 
recommended.

Future DireCtions

The increased survival rate of women with congenital heart 
disease combined with the trend toward delaying childbearing 
will continue to increase the likelihood that the providers of 
health care to pregnant women will manage complex cardiovas-
cular disease. Ideally, a multidisciplinary approach to these 
patients at a tertiary care center is recommended to optimize 
outcomes for mother and child and to provide data for treat-
ment of other like individuals. As pregnant women are fre-
quently excluded from clinical trials, the evidence for the 
management of cardiovascular disease during pregnancy is 
modest and mostly based on case series and registries. Since 
standard therapies are extrapolated from studies in more gener-
alized populations, further investigation is needed in this spe-
cialized population.
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Aging and the Cardiovascular System

Walter A. Tan

S enescence is a fundamental life process that results from a 
complex combination of age-related physiologic changes 

including changes in aerobic respiration, increased oxidative 
metabolism and stress, genetic and cellular damage due to the 
accumulation of mutations, and lifelong exposure to various 
environmental stresses. Together these events outpace endog-
enous surveillance and repair mechanisms and/or provoke  
compensatory responses that become maladaptive and cause 
cellular and organ dysfunction. And while disease should not  
be misconstrued as an inevitable consequence of aging, distinc-
tions are often arbitrarily defined, and the difference between 
diminished biologic reserve and overt dysfunction can be 
thought of as quantitative instead of qualitative. Although the 
role of genetics in aging in the broadest spectrum remains 
poorly understood, examples of hereditary syndromes of prema-
ture aging, such as Hutchinson-Gilford syndrome (progeria) 
and Werner’s syndrome (wherein affected individuals typically 
die between the second and fourth decades of life), support the 
notion that aging is at least partly genetically programmed (see 
Chapter 72).

Although its histologic features vary little across the age 
spectrum, the presence and severity of atherosclerosis markedly 
increase with aging. This atherosclerotic burden, along with 
maladaptive changes associated with aging, accounts for the 
high mortality and morbidity rates of myocardial infarction (MI) 
and heart failure in elderly cohorts. Chronic deconditioning, 
depression, and other confounding comorbidities in elderly 
persons add yet another layer of complexity in discerning which 
changes are attributable to age and which to environment (Table 
59-1). This chapter focuses on age-related changes in the car-
diovascular system and considers strategies that may decrease 
the risk of death and disability from cardiovascular diseases in 
elderly individuals.

CArdiovASCulAr ChAngeS with Age

Myocardial Chambers and Valves

The effects of aging on the myocardium and cardiac valves are 
dramatic. Deposition of lipids and their peroxidation products 
occurs throughout the myocardium and the vasculature at the 
cellular level and in subcellular components such as the mito-
chondria. DNA denaturization and decreased RNA and protein 
synthesis accompany these age-related changes, resulting in a 
diminished capacity for regeneration and repair with age.

Cardiac mass increases for several reasons, including the 
increased size of individual myocytes and an increased abun-
dance of amyloid, collagen, fat, fibrotic foci, and advanced glyca-
tion products, even in the absence of myocardial damage from 
ischemia or infarction. It is thought that myocyte hypertrophy 
is a compensatory mechanism in response to the myocyte loss 
(due to apoptosis, necrosis, or both). Myocyte hypertrophy may 
also be a physiologic response to the increased hemodynamic 

stress on the myocardium that results from the chronic increase 
in peripheral vascular resistance that also occurs with aging. The 
left atrium tends to enlarge with advancing age, increasing the 
likelihood that atrial fibrillation (AF) will develop. Fibrosis and 
calcification of the aortic valve and the mitral annulus may lead 
to valvular dysfunction.

Investigations have demonstrated that intrinsic myocardial 
contractility is diminished with age, in large part as a result  
of higher vascular afterload and the compensatory effects to 
sympathetic overactivity. Although at rest the normal sitting  
and submaximal end-systolic volume index is similar in adults 
between the ages of 20 and 85 years, the response to maximal 
exercise (seated cycle exercise to >100-watt workload) is signifi-
cantly attenuated in elderly individuals. A young person can 
increase left ventricular (LV) ejection fraction by almost 50% 
to accommodate the demands of intense exercise, from a base-
line LV ejection fraction of approximately 62% to 87%. In the 
elderly heart, only one fifth of this contractile reserve is seen 
(increasing LV ejection fraction from ~63% to only ~70%), 
despite the Frank-Starling mechanism and increased LV dia-
stolic pressures. In the elderly, the isovolumic relaxation time 
may also be prolonged (i.e., the interval increases between the 
closure of the aortic valve and the opening of the mitral valve) 
because of slowed ventricular contraction. The peak rate of LV 
diastolic filling is also reduced approximately 50% with aging. 
Together these changes lead to the increased propensity toward 
diastolic dysfunction in elderly individuals and the increased 
dependence on atrial contraction (“kick”) for augmentation and 
completion of diastolic LV filling. This diminished diastolic 
capacity makes elderly individuals more vulnerable to the hemo-
dynamic and symptomatic consequences of AF. Because overall 
function in the elderly is no better than in younger individuals, 
with aging, overall cardiac output is unable to meet demand 
when it is increased due to exertion or other causes.

Impulse Formation and Conduction

As with cardiac contractility, multiple factors contribute to the 
progressive dysfunction of the cardiac conduction system in 
aging. Minor quantities of amyloid deposits exist in nearly half 
of otherwise healthy individuals over 70 years of age. The sino-
atrial node may also separate physically from the atrial tissue as 
fat accumulates around it. In addition, the absolute number of 
pacemaker cells in the sinus node declines substantially after 60 
years of age. The number of pacemaker cells in a 75-year-old 
may be only 10% of that number in young adulthood. These 
changes are major contributors to the increased prevalence of 
sick sinus syndrome with aging. Other age-related abnormalities 
in the conduction system include an increase in fibrous tissue in 
the internodal tracts and a diminished density of left-bundle 
fascicles and distal conducting fibers. These conduction abnor-
malities are exacerbated by the increase in polyunsaturated fatty 
acids in cardiac cellular membranes that occurs with aging, 
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table 59-1 Cardiovascular Changes in Elderly Individuals without Overt Disease

Measured Change Functional Consequence

Myocardium

Increased interventricular septal thickness; increased cardiac mass 
per body mass index in women

Increased propensity for diastolic dysfunction

Prolonged action potential, calcium, transient, and contraction 
velocity (in animal models); desensitization of myocardial 
β-adrenergic receptors

Decreased intrinsic contractile reserve and function

Reduced early and peak left ventricular filling rate and increased 
pulmonary capillary wedge pressure

Greater dependence on atrial kick, and physiologic S4 
heart sound

Cardiac valves

Fibrosis and calcification of the aortic valve and the mitral annulus Valvular stiffening

vasculature

Thickening of the media and subendothelial layers; increased 
vessel tortuosity

Decreased vessel compliance; increased hemodynamic 
shear stress and lipid deposition in the arterial walls

Large elastic arteries (e.g., aorta, carotid artery) become thicker, 
tortuous, and more dilated.

Increased peripheral vascular resistance and earlier 
reflected pulse waves, and consequent late 
augmentation of systolic pressure

impulse Formation and Propagation

Substantial decrease in sinoatrial pacemaker cell population, with 
separation from atrial musculature due to surrounding fatty 
tissue accumulation

Increase in collagenous and elastic tissue in all parts of the 
conduction system

Decreased density of bundle fascicles and distal conduction fibers
Reduced threshold for calcium overload and for diastolic after-

depolarizations and ventricular fibrillation

Diminished intrinsic sinus and resting heart rates
Slight PR interval prolongation; increased incidence of 

ventricular ectopy
Propensity toward bundle branch blocks and abnormal 

conduction
Lower threshold for atrial and ventricular arrhythmias; 

increased fibrosis and myocyte death

Autonomic System

Diminished autonomic tone, especially parasympathetic; increased 
sympathetic nerve activity and circulating catecholamine levels

Decreased spontaneous and respiratory-related heart rate 
variability

resulting in changes in ion thresholds and exchange, as well as 
in myocardial changes that are proarrhythmic.

Large studies support this increase in arrhythmias in elderly 
individuals. In a study comparing adults older than 60 years of 
age to young adults, the presence of atrial ectopic beats was 
demonstrated in 6% by resting electrocardiography, in 39% 
with maximal treadmill exercise, and in 88% of those who 
underwent 24-hour ambulatory monitoring in the group over 
60 years old. Though not known to be associated with any 
adverse outcome, short runs of paroxysmal supraventricular 
tachycardia are nearly twice as prevalent in octogenarians as in 
septuagenarians, and are observed in about half of those 65 years 
of age or older. The prevalence of ventricular ectopic beats rises 
from 0.5% in those under 40 years of age to 11.5% in those 80 
years of age and older, and increases further in those with associ-
ated cardiac disease. One study demonstrated that in individuals 
older than 85 years of age with normal cardiac function the 
prevalence of ventricular ectopic beats was 5%, as compared to 
13% and 28% in those with coronary artery disease and heart 
failure, respectively. The prognostic significance of isolated ven-
tricular ectopic beats for elderly individuals specifically has not 
been studied, whether experienced at rest, during continuous 
24-hour monitoring, or after treadmill exercise. However, sub-
jects with ventricular ectopic beats on a 2-minute rhythm strip 

were found to have a 14-fold increase in relative risk of sudden 
cardiac death in a recent study. Sinoatrial function slows with 
age, but healthy octogenarians and nonagenarians with resting 
heart rates lower than 40 to 45 bpm or sinus pauses longer than 
2 seconds should be followed carefully, since several studies have 
shown this group to be at increased risk of syncope and other 
heart rate–related problems. The PR interval is slightly pro-
longed with age, primarily from delayed conduction proximal 
to the His bundle, and the prevalence of first-degree atrioven-
tricular block is 6% to 8% in octogenarians. There is an 
increased incidence of progression from first-degree atrioven-
tricular block to second- and third-degree block in the elderly 
as well.

Vasculature

Vessel wall stiffness increases with age (Fig. 59-1). There is 
progressive thickening of medial and subendothelial layers and 
increased calcium deposition, often initially affecting proximal 
coronary segments. Autopsies on supercentenarians (people 110 
years or older) also reveal senile cardiac transthyretin-related 
amyloidosis and other β-sheet protein accumulations in the 
arterial tree. Moreover, blood flow becomes less laminar as 
vessels become more tortuous and endothelial cells show greater 
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Figure 59-1 Wave reflection and isolated systolic hypertension.
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heterogeneity in size, shape, and axial orientation. In response 
to chronic injurious stimuli, vascular smooth muscle cells phe-
notypically revert to a proliferative, migratory, and secretory 
mode, and produce more collagen and matrix. Arterial conduit 
vessels have increased elastase activity and degradation of elastin, 
with resulting increased stiffness. There may also be diminished 
reparative capacity, as indicated by in vitro observations of pro-
liferative senescence in endothelial cells and fibroblasts. These 
factors, plus the increased presence of inflammatory cytokines 
and metalloproteinases in the vessel wall, predispose one to 
vascular occlusive and aneurysmal changes.

The peripheral arterial tree also shows morphologic  
and physiologic decline. The average aortic root size is 

approximately 14 mm/m2 for both sexes in the early twenties, 
increasing to 17 mm/m2 in healthy octogenarians. With 
increases in the aortic diameter, individuals have an increased 
risk of aneurysm formation and aortic dissection. Large-caliber 
vessels thicken progressively. The intima-medial wall thickness 
of carotid arteries is 0.03 mm in the young and doubles by age 
80. After the fourth decade of life, renal blood flow per gram of 
kidney weight decreases progressively, probably because of 
increased renal arterial resistance.

Peak oxygen utilization (Vo2 max), a measure of work capacity 
and physical conditioning, declines about 50% by 80 years of 
age compared to the Vo2 max of a 20-year-old individual (~10% 
loss per decade of life). Aside from age-associated decline in 
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cardiac function, up to half of the Vo2 max impairment is attribut-
able to poor peripheral oxygen extraction and utilization, largely 
from inefficient redistribution of blood flow to skeletal muscles.

Neurohormones and Growth Factors

Age-related postsynaptic signaling deficits attenuate β-
adrenergic modulation of heart rate variability and vascular 
tone, decreasing heart rates slightly at rest and substantially 
during exertion. A lower heart rate ceiling with age substantially 
affects exercise reserve capacity. The maximum heart rate 
achieved in 20-year-old persons is approximately 180 bpm, but 
it is only approximately 120 bpm in octogenarians. The maximal 
cardiac index therefore decreases approximately 30% over 6 
decades, 11 and 8 L/min/m2, respectively, as a result of this 
phenomenon alone.

Elderly myocytes secrete more stress-related products such 
as atrial natriuretic factor and opioid peptides. Moreover, 
ambient plasma catecholamine levels are elevated and the pro-
duction of nitric oxide is reduced, all contributing to increased 
afterload and lowered cardiac output.

CArdiovASCulAr PAthology  
And Age

Approximately one in four individuals in the United States will 
be aged 65 years or older by 2025, and it is projected that 80% 
of all cardiovascular deaths will occur in this cohort. Interest-
ingly, individuals who have survived far into older age are at  
low risk of a cardiac death. The National Institutes of Health–
funded New England Supercentenarian Study notes that people 
who have survived to at least age 110 years have disproportion-
ately low incidences of vascular or related diseases. This may 
relate to their overall low-risk profile for cardiovascular diseases: 
only 3% have diabetes mellitus, 6% have a history of MI, and 
22% have hypertension.

Heart Failure

Although congestive heart failure (CHF) is relatively uncom-
mon before 45 years of age, its incidence grows linearly there-
after and geometrically at 85 years of age and older. More than 
500,000 hospital admissions per year are for CHF in patients 
older than 65 years of age. The diagnosis of CHF in elderly 
individuals can be difficult, the condition sometimes presenting 
only as altered mental status, anxiety, dyspnea, sleep distur-
bance, or abdominal discomfort. Even severe LV dysfunction 
can be occult in sedentary individuals. Conversely, normal  
or near-normal LV systolic function does not exclude heart 
failure from diastolic dysfunction, which is the underlying  
cause in almost half of patients older than 65 years of age  
with CHF symptoms. Furthermore, many comorbidities mimic  
heart failure symptoms. Peripheral edema may result from 
benign causes such as venous stasis, or it may result from liver 
or renal failure. Given the comorbidities present in the elderly, 
it is very important not to miss conditions that are contributing 
to heart failure, such as anemia, aortic stenosis, thyroid dysfunc-
tion, bilateral renal artery stenosis, or tachycardia-induced 
cardiomyopathy.

One additional therapeutic issue of particular importance  
in elderly individuals is polypharmacy. The clinician must  
be vigilant against agents considered benign by the patient  
that may actually exacerbate CHF, such as nonsteroidal anti-
inflammatory drugs. The potential for drug interactions (e.g., 
with warfarin or digitalis) or intolerance from altered renal or 
hepatic metabolism is magnified, particularly with the standard 
multidrug therapy for CHF.

Finally, because the prognosis of CHF in the very old is 
worse than the prognosis of most cancers (<20% 5-year survival 
rate), it may be appropriate for the primary physician to help 
patients prepare for “end-of-life” issues for their own and their 
families’ benefit.

Coronary Artery Disease

Recognition of angina or acute coronary syndromes can be dif-
ficult in elderly individuals, because up to 90% present with 
symptoms other than classic chest pain. Between the ages of 65 
and 85 years, the prevalence of silent or misclassified ischemia 
increases by 50% in males and by nearly 300% in females. Under-
diagnosis is not trivial in this age group. The 30-day mortality 
for acute MI in elderly persons can exceed 20%. Even non-Q-
wave MI has a significant age gradient of 1-year cardiac mortality 
rate: 29% in those 70 years of age or older as compared with 14% 
in younger patients. Corresponding all-cause 1-year mortality 
rates were recently reported to be 36% and 16%, highlighting 
the hazard from competing comorbidities in geriatric patients.

The absolute risk reduction in mortality for acute MI patients 
older than 65 years of age who received thrombolytic therapy 
was 3.5% as compared with 2.5% for younger patients. However, 
this came at the cost of nearly 1% excess bleeding complica-
tions, including hemorrhagic stroke, and up to 1.5% intracranial 
hemorrhage rate in those older than 65 years in a Medicare 
database. For this reason, in many centers emergent percutane-
ous coronary revascularization is preferred over thrombolytic 
therapy in elderly patients with ST-elevation MI. One study of 
elective angioplasty showed similar rates of cardiac death or 
recurrent angina in patients 75 years of age or older to those in 
their younger counterparts (mean age 55 years) when complete 
revascularization was achieved. This is not true for very old (>75 
years) individuals who present with cardiogenic shock. Subset 
analysis from the SHould we emergently revascularize Occluded 
Coronaries for cardiogenic shocK (SHOCK) randomized trial 
showed that most of the benefit from emergency revasculariza-
tion accrued only to younger patients. Randomized comparisons 
of elective angioplasty versus coronary artery bypass grafting 
(CABG) in the elderly showed the following results 3 years after 
angioplasty and CABG, respectively: 78% versus 100% survival, 
15% versus 25% Q-wave MI, 11% versus 0% late CABG, and 
persistent angina in 29% versus 12%. These data should be 
interpreted with caution, because there was unequal randomiza-
tion in this small elderly cohort and because the angioplasty 
group had a higher prevalence of diabetes and hypertension. 
Nevertheless, even after successful primary percutaneous coro-
nary intervention, the 1-year survival is markedly worse with  
age. The risk of death after percutaneous coronary intervention 
is 2% in the 55- to 65-year group, 7% for those 66 to 75 years 
old, and 11% for those over 75 years of age.
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A final special consideration for elderly patients undergoing 
invasive procedures or open heart surgery is the risk of stroke 
or multiorgan atheroemboli commonly attributed to severe  
atherosclerosis and calcification of the aortic arch and peripheral 
vessels. Foreknowledge of the concomitant vascular disease dis-
tribution and consequent adaptation of surgical technique may 
minimize these perioperative complications.

Valvular Heart Disease

The most common valvular diseases requiring treatment in 
elderly individuals are calcific aortic stenosis and mitral regur-
gitation from myxomatous degeneration or annular dilatation. 
Aortic stenosis prevalence in adults older than 62 years of age 
is reported to be approximately 10% mild, 6% moderate, and 
2% severe.

Unfortunately, physical examination and screening for sig-
nificant valvular disease in elderly individuals are less reliable in 
the elderly than in younger individuals for several reasons (see 
also Chapter 1). First, many elderly individuals may be asymp-
tomatic, either because they are sedentary by nature or because 
they have adapted their lifestyles due to severe valvular and 
myocardial disease. Second, up to half of elderly individuals have 
systolic murmurs that are of little clinical consequence. Third, 
many comorbidities in elderly individuals, including kyphosis, 
chronic obstructive pulmonary disease, and decreased blood  
flow velocity across the valves (secondary to decreased cardiac 
output), may obscure the classic signs of aortic stenosis or mitral 
regurgitation. Fourth, peripheral pulsus parvus et tardus (dimin-
ished and slow carotid artery pulses, an excellent indicator of 
aortic stenosis in young individuals) can be confounded by aortic 
and carotid arterial stiffening or by heart failure and β-blocker 
use. Therefore, especially for patients who are in declining 
health, clinicians should have a lower threshold for suspecting 
reparable aortic valve disease. Aortic valve replacement has been 
shown to be safe and effective for otherwise healthy individuals 
up through the eighth decade of life. The clinician should also 
actively search for significant mitral regurgitation before the 
onset of irreversible cardiomyopathy.

The relief of aortic stenosis is associated with substantial 
improvements in quality of life even in very old individuals, with 
long-term survival rates similar to age-matched individuals who 
do not require open heart surgery. Of the septuagenarians and 
older patients who had operations for aortic stenosis in three 
studies, more than two thirds were in New York Heart Associa-
tion functional class III to IV at baseline. The vast majority 
(80% to 90%) improved to functional class I status and inde-
pendent living after surgery. Although the risk-to-benefit ratio 
is acceptable for individuals who are otherwise healthy, the deci-
sion to operate is not trivial. The surgical mortality rate doubles 
with age older than 75 years (12.4% for patients older than 75 
years of age, as compared with 6.6% for younger patients). 
Interestingly, in the studies published thus far, operative risks 
for aortic stenosis do not continue to increase for those older 
than 90 years of age, perhaps because of a “survivor effect”; that 
is, those who survive to old age tend to be healthier. The mor-
tality risk increases substantially when concomitant CABG or 
other procedures are required. Other predictors of increased 
risk are impaired LV function, diabetes mellitus, nonsinus 

rhythm, urgency of surgery, and severe renal or lung disease. 
Determining what is best for an individual includes considering 
whether surgery should be done, the feasibility of valve repair, 
the type of valve to be used for replacement, and the risks associ-
ated with anticoagulation. Operative mortality with mitral valve 
surgery is even higher, mostly because of complex underlying 
etiologies and the likelihood that LV dysfunction resulting from 
mitral regurgitation will not improve after surgery.

Percutaneous valvuloplasty is a proven therapeutic method 
for mitral stenosis but offers only short-term relief for aortic 
stenosis. The favorable long-term outcomes reported for mitral 
valvuloplasty are based predominantly on young cohorts who 
had rheumatic mitral stenosis, and this approach has not been 
extensively studied in the elderly. The procedural complication-
free success rate is lower for older cohorts with degenerative 
and calcific mitral valve disease.

Arrhythmias

AF is the most important supraventricular arrhythmia in elderly 
individuals because of its high prevalence and associated mor-
bidity. The prevalence is approximately 3 per 1000 subjects in 
the general population, but it increases to 3 to 4 per 100 between 
60 and 65 years and to 14% in those older than 85 years. Of 
patients with AF, about 70% are 65 to 85 years of age. Other 
cardiac comorbidities markedly increase the prevalence of AF. 
Coronary artery disease doubles the risk of AF for men, whereas 
heart failure increases the risk by 8-fold in men and by 14-fold 
in women. Although the incidence of stroke is only approxi-
mately 6% to 7% in patients with AF in their sixties, stroke 
afflicts 26% of nonagenarians with AF, often presenting a thera-
peutic clinical dilemma because the risk of hemorrhage with 
anticoagulant therapy also increases with age.

Cerebrovascular Disease

Stroke produces 20% of all cardiovascular deaths in elderly 
individuals and is the leading cause of neurologic disability 
resulting in institutionalization. Unlike MIs, for which the 
initial male predominance in rates (up to 4 : 1 ratio in those 
younger than 55 years) narrows with age, there is only a 30% 
higher incidence of atherothrombotic brain infarction in males 
compared to females. This mildly increased risk in men is main-
tained into older age. In brain MRI studies, almost one in three 
subjects ages 65 to 84 years has evidence of silent strokes.

With the exception of subarachnoid hemorrhage and embolic 
stroke, the etiology of stroke is similar across age categories. 
Comparing those aged 65 and older to those aged 35 to 64  
years, the proportion of strokes caused by subarachnoid hemor-
rhage was about half in elderly individuals, but there were more 
strokes caused by embolic mechanisms. CHF and heart failure 
gain increasing importance as risk factors for stroke with age. 
The attributable risk of stroke from AF is 1.5% in the fifth 
decade of life, rising exponentially to 23.5% by the eighth 
decade of life. For CHF, the corresponding attributable risks 
are 2.3% and 6%.

Unfortunately, the consequences of stroke are more severe 
in very old individuals. For those aged 85 years or older, in-
hospital mortality rate is more than 25% compared with 13.5% 



504 SECTION IX • Cardiac Considerations in Systemic Diseases and Special Circumstances

Figure 59-2 Endarterectomy for atherosclerosis of the extracranial carotid artery.
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for those younger than 85 years of age. Among those who 
survive to be discharged, only one fifth have minimal or no 
neurologic deficit compared to one third of a younger cohort. 
In another study, one third of stroke survivors had dementia 
(based on a Mini-Mental Status Exam score <24), a threefold 
higher prevalence than stroke-free subjects. Because dementia 
with or without stroke is the largest contributor to disability in 
basic activities of daily living (e.g., dressing, bathing, and trans-
fers), the estimated 18.4% population-attributable risk of 
dementia from stroke is of great importance.

As with other therapies, the risk of treatment is higher in 
elderly individuals. Even given the increased risk, therapeutic 
interventions may reduce risk compared with conservative 
therapy. For instance, elderly individuals with severe carotid 
stenosis are at high risk if treated with medications only, but, 
when patients are carefully selected, carotid endarterectomy 
reduces the risk of stroke and stroke-related death (Fig. 59-2). 
Related to stroke risk, isolated systolic hypertension increases 
with age, most likely because of increased vascular impedance 
with a recalibration in baroreceptor reflex thresholds (see Fig. 
59-1). Fortunately, the absolute and relative risk reductions 
from antihypertensive therapy increase also, with a 50% relative 
risk reduction in the 5-year stroke rate in those older than 80 

years of age, compared with a 30% relative risk reduction with 
treatment in sexagenarians.

Peripheral Arterial Occlusive and 
Aneurysmal Disease

Peripheral vascular wall integrity degenerates with age. For 
example, the incidence of abdominal aortic aneurysms increases 
fourfold in subjects older than 65 years of age as compared with 
those 55 years of age or younger. Peripheral arterial occlusive 
disease can be considered a late-stage manifestation of athero-
sclerosis. Although the mean age in clinical trials of European 
patients requiring coronary interventions is 55 years of age, the 
average ages for those with extracoronary occlusive disease are 
59, 65, 67, and 72 years, respectively, for those with iliac, renal, 
carotid, and infrainguinal artery stenoses (Fig. 59-3; see also 
Chapters 47 to 49).

the therAPeutiC window

Up to 50% of elderly patients do not receive appropriate throm-
bolytic therapy on the basis of age alone, despite data showing 
large absolute and relative mortality risk reductions for this 
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Figure 59-3 Average age at which different arteries require 
revascularization. CAD, coronary artery disease. 
With permission from Tan WA, Yadav JS, Wholey 
MH. Endovascular options for peripheral arterial 
occlusive and aneurysmal disease. In: Topol EJ, ed. 
Textbook of Interventional Cardiology. 4th ed. 
Philadelphia: WB Saunders; 2002.
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group. The increasing use of percutaneous coronary interven-
tions in elderly patients with acute MI is beginning to partially 
offset concerns about stroke risk with thrombolytic therapy. 
However, the problem of undertreatment in older individuals 
extends far beyond the initial therapy. Of Medicare patients 
with acute MI who had no contraindication to aspirin therapy, 
only 61% received this proven therapy during hospitalization 
and less than 50% were instructed to take aspirin at discharge. 
There has also been debate over lipid-lowering therapy  
in elderly individuals, even though this population is at highest 
risk for severe cardiovascular catastrophes. Treatment with 
simple drugs such as chlorthalidone and atenolol where neces-
sary to control isolated systolic hypertension decreases the  
relative risk of stroke by 29% in sexagenarians, 30% in septua-
genarians, and 49% in octogenarians or nonagenarians.  
Nonetheless, 55% of eligible octogenarians are not on any anti-
hypertensive medications.

Future direCtionS

The narrower physiologic reserve that accompanies advancing 
age elevates cardiovascular risk and narrows the therapeutic 
benefit. However, outcomes have improved markedly with 
advances in medical and interventional therapies, particularly in 
more vulnerable populations such as elderly patients. A progres-
sive decrease in 30-day acute MI mortality rate has been docu-
mented in octogenarians from 55% in the 1970s to 31% in the 
1980s to 22% by 1991. This represents a 72% decrease after 

statistical adjustment for comorbidities and MI severity. Better 
and safer monitoring and anesthetic techniques permit neces-
sary surgery even for high-risk patients. Endovascular therapies 
are less invasive, offering the very old short- and medium-term 
outcomes that formerly could be obtained only with major 
surgery (e.g., stent grafting for abdominal aortic aneurysms).

The benefits of prevention and therapy should be extended 
more aggressively to all age groups, with careful consideration 
of individual risk profiles and preferences. More important, 
simply extending life span no longer suffices. The key challenge 
for health care in the twenty-first century is extension of the 
“health span” or quality of later life of the older patient.
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Neuromuscular Diseases and the Heart

Ajmal Masood Gilani and Nizar Chahin

D iseases affecting skeletal muscle may also involve cardiac 
muscle, and those involving the peripheral nervous  

system may affect neurologic control of the heart. Cardio
vascular manifestations vary in nature and severity in different 
patients, even those with the same disease, and in some cases 
the cardiovascular sequelae result in greater morbidity and mor
tality than the neuromuscular manifestations attributable to the 
primary disease. The common neuromuscular disorders likely 
to have cardiac effects are discussed here.

As a first principle it is important to recognize that distin
guishing isolated neuromuscular diseases from those that  
also involve the heart can be challenging. Although for years  
measurement of serum creatine kinase (CK) and CK subunits 
in the bloodstream was used as a screen for myocardial involve
ment in neuromuscular diseases, it is now recognized that  
more advanced studies are needed. CK from postnatal skeletal 
muscle is composed of MM subunits, but CK from fetal and 
regenerating skeletal muscle is composed of MB subunits. 
Therefore, in diseases with attempted muscle regeneration, 
including inflammatory myopathies and some dystrophies, an 
elevated MB fraction is not specific for myocardial injury  
and may instead reflect skeletal muscle regeneration. For this 
reason, clinicians must be vigilant to the possibility that myo
cardial disease may be present and understand that even with 
additional cardiac biomarkers (including troponin measure
ment), the diagnosis may be uncertain and that imaging (and 
more advanced) studies are most often required to make the 
appropriate diagnosis.

Diseases of Muscle

Muscular Dystrophies

Traditionally categorized by mode of inheritance, age of onset, 
severity, and pattern of clinical presentation, these inherited 
disorders generally present with progressive muscle weakness. 
In recent years, advances in molecular biology have identified 
many dystrophies by specific gene or protein abnormalities.

Dystrophinopathies

Duchenne’s and Becker’s muscular dystrophies (MDs) are 
Xlinked recessive disorders resulting from abnormalities  
in dystrophin, an essential component of the cytoskeleton of 
skeletal and cardiac muscle. Progressive weakness and pseudo
hypertrophy of muscles, particularly the calves, are characteris
tic of both.

Clinical manifestations of Duchenne’s MD become obvious 
at 3 to 5 years of age, with contractures and proximal muscle 
weakness greater than distal weakness. Gower’s maneuver is 
characteristic (Fig. 601). Nonprogressive mental retardation 
occurs in approximately 70% of patients. Severe scoliosis occurs 
in 90% by early in the second decade of life. There is steady 

progression to wheelchair use within 10 years, and death usually 
occurs in the second or early third decade of life from respira
tory or cardiac failure. Cardiovascular manifestations include 
dilated cardiomyopathy, usually of the posterobasal and pos
terolateral left ventricle; mitral regurgitation; conduction 
abnormalities, most frequently incomplete right bundle branch 
block; atrial and ventricular arrhythmias; QT dispersion; and 
autonomic dysfunction manifested by abnormal heart rate 
variability.

Becker’s MD is less severe, with the age of onset in the 
second decade of life or later. Progression is slower, with death 
occurring usually in middle adulthood. Cardiac involvement is 
independent of the severity of the skeletal muscle disease.

Both conditions result in marked, persistent CK elevation, 
generally 10 times the upper limit of normal or higher. The 
diagnosis can be made in more than 90% of patients by confir
mation of a deletion or point mutation of the Xp21 gene locus. 
Analysis of dystrophin content by muscle biopsy is also a reliable 
diagnostic tool (see Fig. 601, lower).

Treatment of the muscle weakness is supportive. Selected 
patients may benefit from surgery to retard scoliosis, respiratory 
support, and treatment of cardiac complications. Standard  
therapies with angiotensinconverting enzyme inhibitors and 
βblockers are generally used for cardiac failure and arrhyth
mias. For drugrefractory ventricular arrhythmias, an implant
able cardiac defibrillator may be beneficial. In Becker’s MD, 
some patients with disproportionate cardiac involvement have 
successfully undergone cardiac transplantation.

EMEry-DrEifuss MusCulAr Dystrophy

EmeryDreifuss muscular dystrophy (EDMD) is a rare, geneti
cally heterogeneous disorder characterized by early contractures 
of the elbows, ankles, and posterior cervical muscles and slowly 
progressive muscle weakness in a scapulohumeroperoneal dis
tribution. It is caused by mutations in nuclear proteins found in 
the inner muscle membrane in skeletal and cardiac muscles. 
Mutations in emerin cause Xlinked EDMD (XLEDMD), and 
mutations in lamin A/C cause autosomaldominant EDMD 
(ADEDMD). Mutation in the latter also causes limb girdle 
muscular dystrophy 1B. Cardiac involvement in XLEDMD is 
characterized by atrioventricular (AV) conduction defects, heart 
block, atrial flutter, and complete atrial paralysis. The echocar
diogram usually reveals a dilated right atrium; dilated or restric
tive cardiomyopathy is rare. In ADEDMD, cardiac involvement 
is a common complication; dilated cardiomyopathy is more 
common than in XLEDMD. Supraventricular and ventricular 
arrhythmias, syncopal episodes, and sudden death are common 
in both disorders.

Clinically, patients usually have an elevated CK, but gener
ally it is less than 10 times the normal level. However, it can be 
normal in patients with mutations in lamin A/C. Electromyo
graphy (EMG) shows a myopathic pattern, and muscle biopsy 
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figure 60-1 Duchenne’s muscular dystrophy.
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Gower’s maneuver

Characteristically, the child arises from prone position by pushing himself up with hands successively on floor, knees, and thighs
because of weakness in gluteal and spine muscles. He stands in lordic posture.

Muscle biopsy specimens showing necrotic muscle fibers being removed by groups of small, round
phagocytic cells (left, trichrome stain) and replaced by fibrous and fatty tissue (right, H & E stain).

reveals a dystrophic picture with prominent fibrosis. Diagnosis 
is confirmed by genetic testing.

All patients with EDMD should have an annual ECG,  
echocardiogram, and Holter monitoring. Permanent pacemaker 
implantation is justified, either in asymptomatic patients or 
when the ECG becomes abnormal. In ADEDMD, there is 
accumulating evidence of sudden death even in patients who 
have been paced. For this reason, an implantable defibrillator is 
more appropriate management than a pacemaker in most 
patients. When atrial fibrillation or atrial standstill is recog
nized, antithromboembolic prophylaxis with aspirin or warfarin 
should be considered.

MyotoNiC Dystrophy

Myotonic dystrophy, an autosomaldominant MD, is a multiple
system disease. Two types of myotonic dystrophy have been 
identified. Type 1, or DM1, is predominantly a distal myopathy 
caused by an expanding trinucleotide CTGrepeat of a specific 
protein kinase on chromosome 19. Type 2, or DM2, is a proximal 
myotonic dystrophy caused by the expansion of a CCTG  
repeat in the zinc finger protein (ZNF9) on chromosome 3. 
Disease expression varies within and between affected families. 
Patients may have facial muscle weakness, especially of the tem
poralis, levator palpebrae superioris, and masseters, giving typical 

“cadaveric” facies. Myotonia results in delayed muscle relaxation 
after contraction or muscle percussion (Fig. 602). Systemic fea
tures may include frontal balding, cataracts, hypogonadism, 
insulin resistance, dysphagia, hypersomnia, pickwickian syn
drome, and mental retardation. Children of affected mothers 
with DM1 are more likely to be severely weak and hypotonic and 
to have mental retardation in infancy. Progression of myotonic 
dystrophy is variable, with death usually resulting from aspiration 
pneumonia, respiratory failure, or cardiac involvement.

Cardiac manifestations are similar in both types and include 
conduction defects, atrial and ventricular tachyarrhythmias 
(occasionally causing sudden death), mitral valve prolapse, and, 
rarely, dilated cardiomyopathy. Anesthesia may increase the risk 
of AV conduction block. A yearly ECG is recommended. In 
highrisk families or individuals deemed to be at risk, His bundle 
studies and prophylactic cardiac pacemaker placement are  
often recommended. βadrenergic blockers and angiotensin
converting enzyme inhibitors improve cardiomyopathic symp
toms. Mexiletine, phenytoin, or other antiepileptic agents can 
sometimes ameliorate the myotonia. Modafinil or methylpheni
date may alleviate hypersomnia.

Genetic testing can confirm the diagnosis of myotonic dys
trophy. Serum CK may be elevated or normal. Myotonic dis
charges have a characteristic “dive bomber” sound on EMG, 
although this feature is not generally present in infants.
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figure 60-2 Myotonic dystrophy.
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fACiosCApulohuMErAl MusCulAr Dystrophy

Many families affected by this usually autosomaldominant con
dition show a deletion at the 4q35 gene locus. The prevalence 
is 1 to 2 in 100,000, and onset varies from the first through fifth 
decades. Facial, scapular, and humeral muscles are involved ear
liest and most prominently, but there is often progression to 
extraocular, peroneal, pectoral, and respiratory muscles. The 
involvement of various muscle groups is often asymmetric. 
Patients commonly have a transverse smile with poor emotional 
expression; failure of complete eye closure, particularly in sleep; 
and dysarthria. Other systemic manifestations may include sen
sorineural deafness, retinal telangiectasia, epilepsy, and mental 
retardation. Cardiac manifestations are less common and include 
labile hypertension, conduction block, and arrhythmias. The 
diagnosis is based mainly on clinical appearance but may be 
supported by elevated CK (although in a substantial number of 
patients the CK is normal), EMG, and muscle biopsy. Treat
ment is primarily supportive. Although life expectancy is near 
normal in most of these patients, approximately 20% advance 
to wheelchair use, and some die of respiratory failure.

liMb GirDlE MusCulAr Dystrophy

Limb girdle muscular dystrophy (LGMD) is a genetically  
heterogeneous group of autosomaldominant or autosomal 

recessive myopathies characterized by weakness and wasting of 
the shoulder and pelvic girdle muscles. It is caused by mutations 
in proteins of the sarcolemma and extracellular matrix, proteins 
with enzymatic activity, sarcomeric proteins, and nuclearasso
ciated proteins. Mutations in sarcoglycans α, β, γ, δ, caveolin 3, 
fukutin, myotilin, laminin α2, and lamin A/C can be associated 
with cardiac involvement. No significant cardiac involvement 
has been reported with mutations in dysferlin, calpain, or col
lagen VI.

Associated cardiac abnormalities include AV conduction 
block, atrial and ventricular arrhythmias, and dilated cardiomy
opathy. In sarcoglycanopathies, the severity of cardiac involve
ment differs among the subunits. Cardiac involvement is more 
severe in β/δ LGMD than α/γ. Clinically the cardiac disease 
follows a similar natural history to the dystrophinopathies with 
predilection for posterobasal predominant cardiomyopathy that 
can progress to serious congestive heart failure (CHF). At 
autopsy, myocardial histology often reveals progressive focal 
ventricular damage secondary to infarction. The coronary vas
culature is histologically abnormal with abnormal vasoconstric
tive response. Use of the calcium channel blocker verapamil has 
been recommended to ameliorate clinical progression of the 
cardiac manifestations of LGMD.

The diagnosis of LGMD is supported by elevated CK, 
although it could be normal in myotilin and lamin A/C 
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mutations. EMG produces a myopathic pattern. Muscle biopsy 
shows dystrophy, and special immunostaining may reveal the 
abnormal protein. The diagnosis can be confirmed by genetic 
testing. No specific treatment is available. Serial ECG and echo
cardiographic evaluations are recommended.

MyofibrillAr MyopAthy

Myofibrillar myopathy is a genetically heterogeneous group  
of disorders that result from mutations of the Zdisk–related 
proteins, leading to myofibrillar disorganization followed by 
accumulation of myofibrillar degradation products and ectopic 
expression of Zdisk–associated proteins. Clinical features 
resulting from different gene mutations are similar. Some cases 
are characterized by a triad of myopathy, cardiomyopathy, and 
peripheral neuropathy. Mutations in desmin, αBcrystallin, 
myotilin, Zband alternatively spliced PDZcontaining protein, 
and filamin C can all result in similar pathologic alterations  
in skeletal muscle that are characteristic of myofibrillar 
myopathy.

The distribution of muscle weakness can be proximal, distal, 
or both proximal and distal. The CK can be mildly elevated or 
normal. EMG shows myopathic changes with abnormal electri
cal irritability, including myotonic discharges. Dilated, hyper
trophic, and restrictive cardiomyopathies have been associated 
with these disorders. Arrhythmias and incomplete right bundle 
branch block have been reported rarely.

DistAl MyopAthiEs

This heterogeneous group of MDs starts in the distal limbs and 
usually has a benign course. They include Miyoshi’s myopathy, 
which starts in the feet and calves, and Welander’s myopathy, 
which starts in the hands. Cardiac conduction abnormalities are 
common, and periodic ECG is recommended.

othEr hErEDitAry CoNDitioNs AffECtiNG  
MusClE AND thE hEArt

These conditions include McLeod’s syndrome (myopathy with 
elevated CK, polyneuropathy, movement disorders, psychiatric 
syndromes, seizures, and dilated or restrictive cardiomyopathy); 
Xlinked vacuolar cardiomyopathy and myopathy (Danon’s 
disease); Barth’s syndrome (Xlinked myopathy, cardiomyopa
thy, cyclic neutropenia, short stature, low cholesterol, and  
mitochondrial abnormalities), which is due to mutation of the 
tafazzin gene; scapuloperoneal MD with mental retardation  
and lethal cardiomyopathy; and neuromuscular junction disor
ders, including familial limb girdle myasthenia and slow 
channel syndrome.

Metabolic Disorders Causing Myopathy  
and Cardiac Disease

ElECtrolytE DisorDErs

Hypokalemic periodic paralysis (PP), a calcium channel defect, 
hyperkalemic PP, a sodium channel defect, and potassium 
sensitive PP are autosomaldominant disorders characterized by 

attacks of weakness of variable severity and duration, generally 
lasting for hours to days (Fig. 603). Precipitants may include 
exposure to cold. Symptoms also often come during a period of 
rest following vigorous activity. Fasting and supplementation of 
potassium can trigger attacks of hyperkalemic PP and amelio
rate hypokalemic PP. Ingestion of carbohydrates can precipitate 
hypokalemic PP and ameliorate hyperkalemic PP. Cardiovascu
lar manifestations, including ventricular bigeminy, bidirectional 
tachycardias, and an increased QT interval, are more common 
in hyperkalemic PP and potassiumsensitive PP. Ventricular 
arrhythmias rarely result in sudden death in these patients. 
Nonetheless, therapeutic decisions should be made as would be 

figure 60-3 Myopathies related to disorders of potassium 
metabolism.
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Hyperkalemia. Addison’s disease (primary adrenocortical
insufficiency), characterized by bronzing of skin, weakness,
weight loss, and hypotension, is associated with elevated
serum potassium. Manifestations may be mild in early
stages, with weakness predominating.
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the case in those without PP with ventricular arrhythmias (see 
Chapter 30). The diagnosis is suspected on the basis of familial 
occurrence of transient attacks of weakness. Abnormalities in 
potassium and sodium levels during the attacks can often be 
ascertained and are diagnostic. Genetic testing is available for 
some of these conditions.

Mexiletine, calcium gluconate, glucose, and insulin are  
effective in treating hyperkalemic PP. Administration of oral 
potassium is effective in hypokalemic PP. Acetazolamide and 
dichlorphenamide may be helpful in both conditions. Manage
ment of the electrolyte imbalance usually improves muscle 
weakness but not cardiac arrhythmias.

GlyCoGEN storAGE DisEAsEs

The autosomalrecessive glycogen storage diseases result from 
deficiency or absence of specific enzymes in the glycogen deg
radation pathway. At least nine different enzyme abnormalities 
can result in glycogencontaining vacuoles in muscle. Generally, 
cardiac involvement is not important, with the exception of  
acid maltase deficiency, wherein cardiomyopathy can occur in 
the infantile and childhood form but usually is not seen in the 
adult form.

The infantile form, or Pompe’s disease, is most severe, with 
liver, spleen, and (often) tongue enlargement from abnormal 
glycogen storage. The ECG typically shows cardiomegaly with 
highamplitude QRS complexes. Measurement of acid maltase 
concentration in leukocytes, muscle, or cultured fibroblasts con
firms the diagnosis. Death is generally a result of cardiac or 
respiratory failure. Administration of alglucosidase alfa intrave
nously has been approved by the U.S. Food and Drug Admin
istration as the treatment for Pompe’s disease.

CArNitiNE DEfiCiENCy

The lipid storage myopathies are characterized by abnormal fat 
accumulation in muscle, resulting from many different meta
bolic defects. Carnitine deficiency is the only one of these that 
produces significant cardiac involvement. Most patients who 
experience this condition have a systemic deficiency associated 
with enzymatic defects or a secondary deficiency from renal 
disease or use of drugs such as sodium valproate. Further molec
ular analysis will be needed to determine whether isolated muscle 
carnitine deficiency is a discrete entity. Clinical features of  
carnitine deficiency include recurring acute encephalopathy, 
developmental delay, myopathy, and recurring hypoketotic 
hypoglycemia. One form of carnitine deficiency is manifested as 
a progressive and potentially fatal cardiomyopathy with recur
ring hypoglycemia, and in this form there is rarely involvement 
of other organs. The diagnosis of carnitine deficiency is estab
lished by measurement of carnitine levels in plasma, urine, and 
muscle tissue. Treatment consists of dietary carnitine supple
mentation and glucose infusion during acute episodes.

MitoChoNDriAl DisorDErs

Mutations in mitochondrial DNA result in defective energy
generating pathways and oxidative phosphorylation with even
tual cellular apoptosis. A variety of different syndromes have 

been recognized, and each may be accompanied by hypertro
phic cardiomyopathy. KearnsSayre syndrome results in pro
gressive external ophthalmoplegia, cardiac conduction defects, 
and dilated cardiomyopathy. Leber’s hereditary optic neuropa
thy manifests clinically as progressive blindness and may be 
associated with a shortened PR interval and supraventricular 
tachycardias, mitochondrial encephalomyopathy with lactic 
acidosis and stroke, and myoclonic epilepsy with ragged red 
fibers. Genetic testing is available for some but not all of these 
diseases. Skeletal muscle biopsy shows ragged red fibers on 
Gomori trichrome staining and abnormalities of numbers or 
structure of mitochondria or both on electron microscopy. 
Biochemical analysis of mitochondrial activity from muscle 
tissue is useful.

No accepted treatment regimen exists. Administration of 
lcarnitine may slow the progession of cardiomyopathy, and 
prophylactic pacing may improve survival rates in individuals 
with mitochondrial disorders.

Inflammatory Myopathies

The classification of these immunemediated acquired muscular 
disorders is controversial because features of inflammatory 
myopathy accompany all collagenvascular diseases, and some 
experts feel that these are localized manifestations of one or 
another collagenvascular disorder. Generally, conditions iso
lated to the muscle are categorized as polymyositis or dermato
myositis. Although they probably have different immune 
etiologies, the major clinical difference is the presence of a 
heliotrope rash in dermatomyositis, most frequently found in 
the periorbital region and over the knuckles, knees, and elbows. 
Not uncommonly, the new presentation of polymyositis or der
matomyositis heralds the presence of an occult neoplasm.

These disorders are characterized by progressive symmetric 
weakness of proximal limb muscles, often with myalgias. Wasting 
typically occurs only late in the course of the disease, when there 
may also be distal involvement. Neck flexor weakness is common. 
Dysphagia may occur secondary to esophageal dysmotility. 
Respiratory muscle involvement and pulmonary fibrosis may 
lead to respiratory failure. This is probably more common in 
patients with a positive antiJo antibody. Raynaud’s phenome
non and joint involvement are often systemic features found in 
individuals with inflammatory myopathies. Cardiac manifesta
tions include myocarditis, diffuse hypokinesia, and ventricular 
enlargement with or without heart block. CK is elevated in the 
active stage of the disease. With effective treatment, the total 
CK may return toward normal, but the percentage MB fraction 
may rise.

The EMG may show nonspecific or characteristic changes. 
Muscle biopsy is generally definitive, with perivascular and 
endomysial inflammatory responses. However, the disease is 
patchy and can be missed on biopsy. In adults, the diagnostic 
approach should include evaluation for occult malignancy.

The standard therapy for inflammatory myopathies is  
immunosuppressive therapy, beginning with prednisone. High
dose intravenous immunoglobulin infusion may be effective  
but necessitates periodic administration for months to years. 
Antimetabolites, including methotrexate, azathioprine, and 
cyclosporine, may have a role in steroidresistant disease. 
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Cardiac and respiratory involvement often proves resistant  
to therapy.

Alcoholic Myopathy

Longterm alcohol abuse may be associated with acute necrotiz
ing myopathy, myopathy with hypokalemia, or progressive 
proximal myopathy. Alcoholic cardiomyopathy, which occurs in 
some individuals with heavy, longterm alcohol use, may be 
associated with any of these conditions. Cardiac involvement  
has been described in three stages: (1) palpitations and vague 
chest wall pain often accompanied by atrial arrhythmia, (2) left 
ventricular hypertrophy, and (3) cardiac dilatation and CHF. 
Advanced alcoholic myopathy has a high mortality rate, even if 
the patient becomes abstinent.

Nerve Diseases

Many peripheral neuropathies are associated with cardiac 
disease, although the degree of cardiac involvement varies 
among patients with the same disease. Neuropathies with prom
inent autonomic involvement, such as alcoholic and diabetic 
neuropathy, are likely to show abnormalities of heart rate vari
ability. They may also have clinically obvious cardiac disease; 

whether this results from neuropathy, cardiovascular disease, or 
both is difficult to determine.

Hereditary Diseases

The hereditary motor and sensory neuropathies are the most 
common inherited neurologic diseases. They rarely involve the 
heart, but arrhythmias frequently accompany the less common 
hereditary sensory and autonomic neuropathies.

friEDrEiCh’s AtAXiA

Friedreich’s ataxia is a progressive autosomalrecessive degen
erative disease. The genetic deficit is a trinucleotide repeat 
(GAA) linked to chromosome 9, with resulting abnormality of 
frataxin, a mitochondrial protein important in iron homeostasis 
and intracellular respiratory function. Neurologic features 
include cerebellar ataxia, dysarthria, a combination of spasticity 
and lower limb neuropathy, weakness and sensory deficit (par
ticularly vibration and position), and absence of deep tendon 
reflexes with extensor plantar responses (Fig. 604). Most 
patients are no longer able to walk 12 to 15 years after the onset 
of symptoms. Heart disease, scoliosis, and an increased inci
dence of diabetes are characteristic. Cardiac manifestations 

figure 60-4 Friedreich’s ataxia.
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include atrial and ventricular tachyarrhythmias, hypertrophic 
cardiomyopathy, hypokinetic and dilated left ventricle, and 
muscular subaortic stenosis.

The molecular diagnosis of Friedreich’s ataxia is made based 
on the presence of an expanded repetition of trinucleotide GAA, 
which encodes frataxin. There is no specific treatment.

ACutE iNtErMittENt porphyriA

Generally an autosomaldominant condition, acute intermittent 
porphyria manifests as acute abdominal pain and a variety of 
psychiatric and neurologic symptoms. These include axonal 
neuropathy with a major autonomic component, including 
marked changes in blood pressure and tachycardia. Treatment 
consists of respiratory support, use of βblocking agents if tachy
cardia and hypertension are severe, and pyridoxine. Use of intra
venous glucose and hematin is recommended as the most direct 
and effective therapy.

Storage Diseases

AMyloiDosis

Clinical manifestations of hereditary and acquired amyloidosis 
depend on the organs involved. Neuropathy is the most common 
presentation of familial disease but also occurs in acquired sys
temic amyloidosis. Autonomically mediated orthostatic hypo
tension is common. The heart is generally infiltrated, with 
resulting cardiomegaly, CHF, arrhythmia, and, at times, peri
carditis. Treatment is symptomatic.

AbEtAlipoprotEiNEMiA

Symptoms of hereditary storage disease may include acanthocy
tosis, retinitis pigmentosa, malabsorption, and devastating neu
rologic features, including mental retardation, spinocerebellar 
degeneration, and occasionally peripheral neuropathy. Cardiac 
involvement includes ventricular enlargement, repolarization 
(Twave) changes, and arrhythmias. Many of the complications 
may be prevented by use of d,lαtocopherol (vitamin E).

rEfsuM’s DisEAsE

The result of inadequate oxidation of phytanic acid, Refsum’s 
disease is characterized by the presence of retinitis pigmentosa, 
cerebellar degeneration, peripheral neuropathy, and sometimes 
ichthyotic skin changes, skeletal changes, and hearing loss. Car
diomegaly, arrhythmias, and conduction defects may result in 
sudden death. Phytanic acid levels in serum and αoxidation 
capacity in cultured skin fibroblasts confirm the diagnosis of 
Refsum’s disease. Efforts to reduce dietary phytanic acid are 
effective in arresting disease progression and amelioration of the 
complications.

Guillain-Barré Syndrome

GuillainBarré syndrome, an acute inflammatory neuropathy, is 
characterized by peripheral, autonomic, and cranial nerve dys
function. Generally, a history of infection, immunization, or 
surgical procedure precedes clinical onset by days to weeks.

The first symptoms are usually symmetric lower limb sensory 
changes, followed by ascending distal weakness. Onset may be 
in the proximal limb or cranial nerve distribution. Weakness 
progresses rapidly, with loss of tendon reflexes. Facial diplegia 
and oropharyngeal and respiratory weakness occur in 30% to 
40% of patients. Clinical progression may continue for up to 3 
weeks, followed by gradual improvement to normal or near 
normal over weeks or months in more than 70% of patients. 
Death is generally a result of respiratory or cardiac disease. 
Autonomic dysfunction produces cardiac involvement, includ
ing orthostatic hypotension, hypertension, STsegment abnor
malities, tachyarrhythmias or bradyarrhythmias, and loss of 
heart rate variability from reduction of sympathetically medi
ated peripheral vascular tone, vagal dysfunction, or both. As a 
rule, severe cardiac involvement only occurs with severe motor 
weakness.

By the second week, the syndrome’s laboratory hallmark—
elevated protein levels without an increase in cells in the cere
brospinal fluid—is present in more than 80% of patients.  
EMG and nerve conduction study results may be normal in the 
first week.

Treatment with plasmapheresis or intravenous immunoglob
ulin within the first 2 weeks improves outcomes. Careful obser
vation of respiratory function is essential until progression 
stabilizes; ventilatory support may be necessary. Volume replace
ment or treatment with pressor agents may be necessary to 
counter hypotension.

Diphtheric Polyneuropathy

Diphtheria is rare in the United States but does occur in unvac
cinated patients. It is estimated that a neuropathy develops in 
20% of diphtheria patients. Bulbar paralysis occurs in week 3 or 
4. Intact pupillary light response with failure of accommodation 
is a classic feature of this disease. Generalized peripheral neu
ropathy may occur from weeks 3 through 15 or later. Cardiac 
arrhythmias and CHF are the most common causes of death 
and may occur from the second week to the late convalescent 
period. In the early period, this may be because of myocardial 
involvement; later, it may be because of involvement of the 
vagus nerve. Strict bed rest is recommended in the acute stages, 
and in later stages if there is cardiac involvement. The diagnosis 
of diphtheria is most commonly missed in those who are unaware 
of exposure and whose initial presentation is with a mild throat 
infection.

Toxin-Induced Neuropathies

Acute muscarinic effects of organophosphate exposure may 
result in hypotension and bradycardia, and nicotinic effects may 
result in hypertension and tachycardia. Peripheral neuropathy 
may occur as a delayed effect. The neuropathy of thallium 
exposure may be accompanied by subacute hypotension and 
tachycardia.

future DirectioNs

Linking clinical syndromes with specific genetic and proteomic 
defects is the subject of intense research activity. The sensitivity 
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and specificity of diagnosis have been greatly aided by the devel
opment of molecular testing in the past decade. It is anticipated 
that in the coming years, molecular testing will be available for 
most neuromuscular diseases, and it is hoped that specific genet
ically oriented treatments will be developed. This would revo
lutionize the treatment of this group of degenerative diseases.

aDDitioNal resources

Muscular Dystrophy Association website. Available at: <http://www.mda.
org/>; Accessed 18.03.10.

Provides the latest information about the various neuromuscular disorders and 
continuing clinical trials.

National Center for Biotechnology Information GeneTests Website.  
Available at: <http://www.geneclinics.org/>; Accessed 18.03.10.

Current information about various neuromuscular disorders and valuable genetic 
testing.

EvidEncE

Dyck PJ, Thomas PK, eds. Peripheral Neuropathy. 4th ed. Philadelphia: 
WB Saunders; 2005.

Comprehensive review of clinical presentation, pathophysiology, and treatment 
of peripheral nerve diseases.

Engel AG, FranziniArmstrong C, eds. Myology. 3rd ed. New York: 
McGrawHill; 2004.

Comprehensive review of clinical presentation, pathophysiology, and treatment 
of muscle diseases.

Goodwin FC, Muntoni F. Cardiac involvement in muscular dystrophies: 
molecular mechanisms. Muscle Nerve. 2005;32:577–588.

Review outlining the pathogenesis of cardiomyopathy associated with different 
types of MD.

Selcen D. Myofibrillar myopathies. Curr Opin Neurol. 2008;21:
585–589.

Review describing the different gene mutations of the Z-disk–related proteins 
that cause myofibrillar myopathy, a disorder that can be associated with 
cardiomyopathy.
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Cardiovascular Manifestations of 
Endocrine Diseases

David R. Clemmons

E ndocrine system diseases generally affect multiple organ 
systems, because hormones secreted into the general  

circulation act on multiple tissues that are distant from their 
sources of synthesis and secretion. Nearly all hormones and 
accompanying hormonal disorders are occasionally associated 
with a pathophysiologic disarrangement of some component of 
the cardiovascular system. This chapter focuses on the most 
common disorders and those with the most important deleteri-
ous consequences for cardiovascular function.

Pituitary GlanD DisorDErs

The seven peptide hormones secreted by the anterior pituitary 
gland and two secreted by the posterior pituitary gland all affect 
the cardiovascular system. Most indirectly cause changes in salt 
or water metabolism or affect vascular tone. The anterior pitu-
itary hormones and their direct and indirect effects on cardio-
vascular function are listed in Table 61-1. Three disorders 
can result in major changes in cardiovascular function: hypopi-
tuitarism, acromegaly, and disorders of antidiuretic hormone 
(ADH) secretion.

Hypopituitarism

Hypopituitarism in adults often results from mass lesions arising 
in the hypothalamus or pituitary fossa. Growth hormone (GH) 
deficiency and gonadotropin deficiencies are often present. If 
the lesion causing the deficit is extensive, thyroid-stimulating 
hormone (TSH) (thyrotropin) and adrenocorticotrophic 
hormone (ACTH) secretion may also be impaired. GH defi-
ciency per se does not lead to cardiomyopathy or loss of vascular 
tone; however, patients with GH deficiency most commonly 
present with a lack of energy and stamina. Therefore, cardiac 
output (CO) may not be adequate to sustain peak exercise activ-
ity and endurance may be moderately impaired. Treatment with 
GH replacement therapy for periods as long as 3 years improves 
treadmill performance, suggesting that GH deficiency leads to 
a decrease in exercise tolerance. However, whether or not this 
improvement is due solely to GH stimulation of myocardial 
function is unclear, because GH also increases red cell mass, 
which could alter exercise tolerance. TSH and ACTH deficien-
cies lead to changes in cardiovascular function, as discussed  
here in the sections on hypothyroidism and hypoadrenalism. 
Loss of gonadotropin secretion, particularly in men, can lead to 
low testosterone concentrations. This can lead to impaired exer-
cise performance, loss of skeletal muscle mass, and decreased 
stamina. Replacement with testosterone improves muscle func-
tion and exercise performance.

Acromegaly

Sustained hypersecretion of GH by a pituitary tumor can  
lead to overgrowth of several tissues and to considerable cardio-
vascular changes (Fig. 61-1). Cardiovascular function is an 
important determinant of morbidity and mortality in untreated 
acromegaly. The most common comorbid cardiovascular condi-
tion accompanying acromegaly is hypertension, present in 50% 
of inadequately treated patients. Hypertension in acromegaly is 
usually mild but can be difficult to manage conventionally. Left 
ventricular (LV) mass can be significantly increased compared 
with that of normotensive patients. Curing the acromegalic con-
dition is the most effective way to lower blood pressure (BP). A 
concentric ventricular hypertrophic cardiomyopathy unassoci-
ated with hypertension but associated with long-standing acro-
megaly develops in some patients and can result in both diastolic 
and systolic dysfunction. Cardiomegaly can be disproportionate 
to the changes in size that occur in other organs in severe acro-
megaly. The severity of cardiomyopathy correlates with the 
duration of exposure to high levels of GH. Diastolic dysfunction 
and hypertrophy develop first and are common in untreated 
patients. These changes are reversible with adequate treatment 
of GH excess. If left untreated, there is progression to systolic 
dysfunction, and heart failure and severe ventricular arrhyth-
mias can occur. Histologic evaluation of the myocardium in 
patients with long-standing acromegaly shows interstitial fibro-
sis, lymphocytic infiltration, and sometimes necrosis.

Other changes in acromegaly can lead to secondary effects 
on the cardiovascular system. Some patients have sleep apnea 
that causes chronic recurrent hypoxemia, approximately 25% of 
patients have diabetes mellitus, and up to 40% of patients have 
hypertriglyceridemia. Premature mortality is increased in acro-
megaly, and cardiovascular diseases are the cause of death in 
38% to 62% of patients. Normalizing GH and insulin-like 
growth factor 1 concentrations with conventional treatment 
restores normal life expectancy, preventing premature death 
resulting from cardiovascular disease.

Disorders of ADH Secretion

Unlike diseases of the anterior pituitary gland, the etiology of 
ADH deficiency is often hypothalamic lesions (in ~60% of 
patients). Most cases of ADH deficiency are acquired, and many 
result from attempts to remove the pituitary tumor surgically, 
damaging the pituitary stalk or the posterior pituitary. Severe 
ADH deficiency leads to polyuria, polydipsia, and, if untreated, 
vascular collapse. The most common hypothalamic causes are 
mass lesions, principally tumors of the hypothalamus, such as 
craniopharyngioma and dysgerminoma.

ADH is a potent pressor agent and stimulates direct vaso-
constriction of blood vessels. This action is conferred at the level 
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table 61-1 Pituitary Hormones and Their Actions on 
the Cardiovascular System

Hormone Direct indirect

ACTH Stimulates cortisol 
secretion

Stimulates aldosterone

Cortisol increases 
arteriolar tone.

Aldosterone stimulates 
Na+ retention and K+ 
excretion.

TSH Stimulates thyroxine 
and triiodothyronine 
synthesis

Thyroxine stimulates 
HR, pulse pressure, 
and LV contractility.

LH Stimulates estrogen 
and testosterone 
synthesis

Estrogen acts as a 
vasodilator.

ADH Stimulates water 
retention, increases 
plasma volume; acts 
through a central 
mechanism to 
increase 
vasoconstriction

GH Stimulates vasomotor 
force and LV 
function

Through IGF-1, it 
stimulates HR.

ACTH, adrenocorticotrophic hormone; ADH, antidiuretic hormone; 
GH, growth hormone; HR, heart rate; IGF-1, insulin-like growth  
factor I; K+, potassium; LH, luteinizing hormone; LV, left ventricular; 
Na+, sodium; TSH, thyroid-stimulating hormone.

antagonists (vaptans) has been shown to improve hyponatremia 
associated with euvolemic inappropriate secretion of ADH.

tHyroiD DisorDErs

Hyperthyroidism

Hyperthyroidism causes some of the most impressive and sus-
tained disarrangements of cardiovascular function related to 
endocrine abnormalities. Graves’ disease, the most common 
cause of hyperthyroidism, is triggered by an autoimmune 
process whereby thyroid antigens that are recognized as foreign 
stimulate the production of an autoantibody that stimulates the 
TSH receptor. The autoantibody directly binds to the TSH 
receptor on thyroid tissue and stimulates thyroid function. The 
effect of this stimulating antibody is unremitting and necessi-
tates specific therapy to block thyroid hormone. The second 
most common cause of hyperthyroidism is a toxic multinodular 
goiter. This condition can account for 40% of the cases in 
patients over 60 years of age.

The symptoms of cardiac dysfunction that occur most  
commonly in thyrotoxicosis include fatigue, palpitations, dys-
pnea, heat intolerance, increased sweating, and weight loss. 

Figure 61-1 Acromegaly.

Tufting of phalanges in hands and 
narrowing of phalanges in feet

Thoracic vertebra in acromegaly:
Hyperostosis, especially marked
on anterior aspect

X-ray of skull in acromegaly:
Enlargement of sella turcica, with
occipital protuberance, thickening
of cranial bones, enlargement
of sinuses and of mandible

of the regional arterioles, and physiologic concentrations can 
induce this effect. Loss of ADH leads to a significant increase 
in serum osmolarity of greater than 295 mOsm/L, with inap-
propriately dilute urine of less than 300 mOsm/L. The diagno-
sis is established by detecting abnormally high serum osmolarity 
with low plasma vasopressin and low urinary osmolarity.

Administering vasopressin quickly reverses the changes in 
these parameters. Vasopressin acts on the kidney to increase 
free-water clearance. It also affects the brain to maintain central 
BP control; these brain actions are probably necessary for the 
maintenance of normal upright BP. The use of ADH antago-
nists illustrates the importance of endogenous arginine vaso-
pressin for maintaining normal BP.

SyNDROmE OF INAPPROPRIATE ADH SECRETION

Several central nervous system and primary pulmonary diseases, 
as well as medications, can cause inappropriately high concen-
trations of ADH, leading to decreases in plasma osmolarity. In 
these syndromes, high levels of ADH secretion continue, despite 
the low osmolarity. Arginine vasopressin concentrations can be 
increased up to 10 to 20 times greater than normal in this dis-
order. This does not lead to hypertension per se but rather to 
water intoxication. Serum sodium continues to decrease because 
free-water clearance is consistently impaired, thus leading to 
severe hyponatremia, sometimes manifested as seizures. Identi-
fication of the source of inappropriate ADH secretion or cor-
rection of the underlying lesion is needed for successful 
treatment. Empiric treatment is undertaken by severely restrict-
ing free-water intake. Recently, a new class of ADH receptor 
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Tachycardia and palpitations occur in 80% to 90% of untreated 
patients (Fig. 61-2). Elderly patients in whom Graves’ disease 
develops may also experience heart failure. In this circumstance, 
the failing heart cannot meet metabolic requirements that are 
raised by increased thyroid hormone, resulting in overt conges-
tive heart failure (CHF). Similarly, angina pectoris may be an 
important symptom in elderly patients with hyperthyroidism. 
Myocardial oxygen consumption can increase by as much as 
70% in untreated hyperthyroidism. In the presence of fixed 
coronary lesions, blood flow may be inadequate to supply the 
increased metabolic need. In younger patients, thyrotoxicosis is 
associated with increased inotropic and chronotropic effects on 
the heart. Palpitations and occasionally atrial arrhythmias are 
the initial symptoms. Atrial fibrillation occurs in 33% to 47% 
of patients who are older than 60 years. Vascular resistance is 
decreased by peripheral vasodilation; the net effect is a marked 
increase in CO, which results in increased oxygen consumption. 
Peripheral edema is the most common symptom of overt heart 
failure in Graves’ disease, although dyspnea on exertion can also  
be prominent.

Physical findings typically include a hyperdynamic precor-
dium, accentuated heart sounds, and a systolic murmur that can 
be heard over the precordium because of increased flow across 
the aortic valve. Mitral valve prolapse may also be present. 
Arrhythmias can range from sporadic premature beats to overt 

atrial fibrillation. Thyrotoxicosis is present in approximately 
11% of patients with atrial fibrillation who are older than 60 
years. Indeed, atrial fibrillation due to either hyper- or hypo-
thyroidism is common enough that thyroid disease must be 
excluded at an early stage in the evaluation of this arrhythmia. 
ECG findings are nonspecific. Heart failure in younger patients 
is generally reversible with adequate treatment. Whether a dis-
tinct thyrotoxic cardiomyopathy exists is debated; however, 
extensive cardiac remodeling occurs in some patients. This may 
also be aggravated by long-standing tachyarrhythmias. In elderly 
patients in whom underlying cardiac abnormalities exist, heart 
failure can be severe and may trigger atrial fibrillation. Accelera-
tion of angina pectoris can be dramatic in the elderly, and overt 
myocardial infarction can occur in these patients if left untreated.

The diagnosis is established by elevated serum thyroxine  
(T4) in the presence of a suppressed TSH concentration. Early 
in the disease, triiodothyronine (T3) is elevated, which is usually 
followed by a T4 elevation.

Initial treatment of Graves’ disease with antithyroid drugs 
blocks thyroid hormone synthesis. Treatment of the thyroid 
disease does not always restore normal sinus rhythm. If  
patients fail to undergo remission in a reasonable period on 
antithyroid drugs, or if they do not tolerate these medications, 
they are generally treated with radioactive iodine. In elderly 
patients with multiple cardiac complications, initial therapy 

Figure 61-2 The hyperthyroid heart.
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Figure 61-3 Cardiovascular effects of hypothyroidism/myxedema.
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with radioactive iodine may be indicated. While reversal of the 
thyrotoxic state generally restores cardiac abnormalities due to 
thyrotoxicosis to normal in younger patients, this is not always 
the case in elderly patients. Both sets of patients may benefit 
initially from therapy with β-blockers, which limits most effects 
of catecholamines on the cardiovascular system—effects that 
are accentuated in Graves’ disease. If a toxic multinodular 
goiter is present, the usual treatment is radioactive iodine.

An increasingly recognized, important cause of hyperthy-
roidism in cardiac patients is amiodarone-induced thyrotoxico-
sis (AIT). This usually occurs in patients during the first year of 
therapy. There are two different pathophysiologic mechanisms 
that induce hyperthyroidism. In the first (AIT type I), the iodine 
in aminodarone induces hyperthyroidism. These patients have 
a low radioactive iodine uptake, and color flow Doppler shows 
increased vascularity. They respond to potassium perchlorate 
and antithyroid drugs. Type II AIT patients have a distinctive 
thyroiditis induced by an amiodarone metabolite. These patients 
have a very low radioactive iodine uptake and absent vascularity. 
They respond to high-dose corticosteroid therapy.

Hypothyroidism

Like hyperthyroidism, hypothyroidism is almost always caused 
by autoimmune thyroid disease. The most common cause of 

thyroid failure is Hashimoto’s thyroiditis, which occurs in 80% 
of women with hypothyroidism. In this disease, an autoantibody 
to the thyroid gland is produced that blocks thyroid function 
and thyroid hormone action. Eventually, this may result in 
destruction of the thyroid gland as a result of lymphocytic infil-
tration. However, it occurs over a period of several years, so the 
onset and progression are usually insidious and unrecognized by 
the patient. Hypothyroidism also develops in almost all patients 
who receive radioactive iodine treatment for hyperthyroidism. 
Hypothyroidism can result from a pituitary tumor or other 
causes of anterior pituitary gland destruction, but these are rare 
compared with Hashimoto’s thyroiditis.

Changes in the cardiovascular system are also common in 
patients with severe long-standing hypothyroidism (Fig. 61-3). 
These patients have an increased peripheral vascular resistance, 
decreased stroke volume, and, as a result, decreased CO. 
Although systolic pressure may be decreased and diastolic pres-
sure increased in these individuals, mean arterial pressure is 
often normal. The mechanism of increased vascular resistance 
is related to reduced compliance and impaired nitric oxide  
availability. The pre-ejection and isovolumetric contraction 
times are prolonged, and the ventricular relaxation rate during 
diastole is slower. The mechanism of reduced cardiac contractil-
ity is multifactorial. T3 stimulates the synthesis of calcium 
regulatory proteins that have been implicated in the cardiac 
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manifestations of hypothyroidism. Blood volume is decreased, 
and pericardial as well as pleural effusions are common. Echo-
cardiographic evidence of pericardial effusion is present in 
approximately 40% of patients.

Physical examination reveals a slow pulse, diastolic hyperten-
sion, and soft first and second heart sounds. Cardiac enlarge-
ment, when present, is generally caused by a pericardial effusion. 
Peripheral edema may be present, but it is generally nonpitting 
and not caused by heart failure. The ECG may show bradycar-
dia and low voltage with nonspecific ST-segment or T-wave 
changes and a prolonged QT interval. First-degree heart  
block is also common. There is decreased myocardial contractil-
ity and slowing of the isovolumic relaxation phase of diastolic 
function. In hypothyroid patients with known coronary  
artery disease (CAD), silent myocardial ischemia may occur. 
Although symptomatic angina is not common, it can occur 
during thyroid hormone replacement therapy, particularly  
in patients with severe long-standing hypothyroidism. This 
problem is accentuated by the anemia that is often present in 
hypothyroidism. Hypothyroidism secondarily results in severe 
lipoprotein abnormalities, including hypercholesterolemia and 
low concentrations of high-density lipoprotein cholesterol 
(HDL-C). Increased homocysteine levels may also occur in 
hypothyroidism.

The treatment of hypothyroidism is thyroid hormone 
replacement therapy. Young patients can tolerate full replace-
ment doses; however, elderly patients with angina need extremely 
low-dose therapy with gradual incremental increases as 
tolerated.

ParatHyroiD DisorDErs

Hyperparathyroidism is an unusual cause of vascular pathogen-
esis. In one study, 69% of patients with primary hyperparathy-
roidism were found to have systolic and diastolic hypertension. 
Generally, the degree of BP elevation is minimal. The cause of 
hyperparathyroidism in 85% of patients is a parathyroid hor-
mone–producing tumor, which leads to hypercalcemia, the most 
common presenting sign. The hypercalcemic state can also 
cause LV hypertrophy, increased heart muscle contractility,  
and arrhythmias. Calcium deposition in the myocardium, the 
heart valves, or the coronary arteries occurs in up to 69% of 
patients with hyperparathyroidism as compared to 17% of age-
matched controls. Usually, these changes occur with severe 
long-standing hyperparathyroidism. In recent years, however, 
the presentation and treatment of hyperparathyroidism have 
changed markedly, and probably a much lower percentage of 
patients have these abnormalities at the time of diagnosis 
because they are diagnosed and treated much earlier in the 
course of their illness. Secondary hyperparathyroidism (not due 
to a parathyroid gland tumor) is common in patients with 
chronic renal failure. These patients have elevated serum phos-
phorus that leads to a secondary increase in parathyroid 
hormone. Vascular calcification and reduced arterial compliance 
are common. Although patients with primary hyperparathyroid-
ism are usually treated by surgical removal of the tumor, until 
recently there was no effective treatment for secondary hyper-
parathyroidism. The development of a calcium-sensing receptor 
antagonist (cinacalcet) has provided an effective means for 

treating secondary hyperparathyroidism. Whether this will 
result in long-term improvement in cardiovascular function is 
under investigation.

aDrEnal DisorDErs

Both glucocorticoid and mineralocorticoid excesses can lead to 
marked cardiovascular abnormalities.

Cushing’s Disease and Syndrome

The most common cause of glucocorticoid excess is from  
pituitary tumors that overproduce ACTH, termed “pituitary 
Cushing’s disease.” Less common but equally deleterious to 
cardiovascular function are primary adrenal adenomas that 
overproduce glucocorticoids or ectopic tumors (tumors outside 
the pituitary) that overproduce ACTH.

Cushing’s syndrome, or excess glucocorticoid production, 
often leads to severe skeletal muscle myopathy, because gluco-
corticoids inhibit protein synthesis in muscle (Fig. 61-4). 
Because of its rapid onset, dramatic presentation, and severe 
deleterious effects, Cushing’s syndrome is generally treated 
before a severe atrophic cardiomyopathy develops. Therefore, 
it is rare for patients to present with cardiomyopathic symptoms. 
Hypertension is common in Cushing’s syndrome because of 
mineralocorticoid overproduction that leads to increased plasma 
volume and sodium retention. Severe hypokalemia can cause 
characteristic ECG changes. Whether atherosclerosis occurs 
independently of the changes in lipoprotein metabolism that 
result from excess glucocorticoid is not clear. However, marked 
increases in atherosclerosis in patients who receive long-term 
glucocorticoid therapy in pharmacologic doses have been 
reported.

Treatment involves removing the cause of the excess cortisol 
or ACTH. Generally, the cardiovascular abnormalities are 
easily ameliorated. Patients who receive pharmacologic doses of 
glucocorticoids for prolonged periods for underlying inflamma-
tory disorders are just as susceptible to cardiovascular complica-
tions. Cushing’s syndrome may precipitate CHF in susceptible 
patients, because the resulting increase in mineralocorticoids 
causes salt retention.

Addison’s Disease

Hypoadrenalism is most often caused by a primary autoimmune 
disorder, Addison’s disease, in which the adrenal glands are 
progressively destroyed, leading to marked sodium loss with 
increased serum potassium. Orthostatic hypotension and 
decreased plasma volume are generally present. Decreased 
plasma volume can manifest as a reduction in the size of the 
cardiac silhouette on chest radiographs.

Occasionally, in patients with undiagnosed chronic adrenal 
insufficiency, acute adrenal insufficiency develops, usually in the 
setting of underlying physical stress, such as a car accident or 
bacterial infection. During stress, healthy individuals secrete  
up to 10 times more cortisol than under normal conditions. 
Because this requirement cannot be met in patients with adrenal 
failure, symptoms of acute adrenal insufficiency develop: nausea 
and vomiting, hypotension, dizziness, and eventually vascular 
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Figure 61-4 Cushing’s syndrome–mineralocorticoid hypertension. ACTH, adrenocorticotrophic hormone; ANP, atrial natriuretic 
peptide; DOC, deoxycorticosterone; H+, hydrogen; K+, potassium; N+, sodium.
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collapse and shock. The diagnosis should be suspected in 
patients with these findings and a low serum sodium concentra-
tion, a high potassium concentration, and evidence of low 
plasma volume. It is confirmed by administering 1 µg of cosyn-
tropin (synthetic ACTH) intravenously and measuring the 
plasma cortisol level after 30 or 60 minutes. A normal response 
to the ACTH challenge is a plasma cortisol level of 18 to 20 µg/
dL. Treatment consists of fluid replacement and administration 
of hydrocortisone.

Several other hormones also have profound effects on salt 
and water balance and therefore on cardiovascular function. The 
most important of these are atrial natriuretic peptide (ANP), 
brain natriuretic peptide (BNP), and endothelin. ANP is a 28–
amino acid peptide produced by the left atrium. A circulating 
precursor form, 1-126, is believed to be biologically inactive. 

Normally, ANP-28 is made solely in the left atrium; however, 
in pathologic states such as LV hypertrophy or failure, ANP-28 
can also be released from the left ventricle. Atrial wall tension 
is the primary factor that controls synthesis and secretion of 
ANP-28. Therefore, ANP-28 is increased in acute and chronic 
volume expansion, CHF, and other conditions associated with 
elevated intra-atrial pressure. It functions to stimulate vasodila-
tion in both small and large arteries. Negative feedback regula-
tion of ANP-28 occurs, and volume contraction decreases its 
synthesis and secretion. ANP-28 binds to specific receptors in 
the kidney, where it increases capillary permeability, glomerular 
filtration rate (GFR), renal filtration fraction, urinary filtration, 
and excretion of sodium. This in turn lowers plasma volume and 
decreases BP. ANP is active in patients with acute renal failure, 
and its administration improves glomerular function.
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A related peptide, BNP, is released by neural tissue. BNP is 
also stored in nerve endings in the atrium. This site of synthesis 
and release can be stimulated by many of the same stimuli that 
cause ANP-28 release. In general, BNP is released in response 
to more chronic changes in plasma volume. BNP acts on the 
same renal receptors that are activated by ANP and has similar 
effects on kidney function. Both peptides have direct effects on 
arterial smooth muscle cells and bring about vasodilatation. 
Administration of ANP or BNP to patients with heart failure 
results in beneficial effects on plasma volume and CO. Recent 
reports suggest that plasma BNP levels provide useful informa-
tion in the longitudinal treatment of patients with CHF (see 
Chapter 23).

Endothelin is a small peptide that is released by vascular 
endothelium and whose three isoforms are closely related. 
Endothelin receptors are present on vascular smooth muscle 
cells, cardiac myocytes, and renal glomerular endothelium. 
Endothelin is a potent vasoconstrictor, an action that can be 
opposed by the release of nitric oxide, and a potent vascular 
mitogen. In addition to its effects on blood vessels and kidney 
function, endothelin also has direct inotropic and chronotropic 
effects on the heart; however, endothelin also decreases coro-
nary blood flow because of its vasoconstrictive effects. Endothe-
lin may also act secondarily to decrease plasma volume by 
increasing ANP and BNP release.

Mineralocorticoid Disorders

In addition to glucocorticoids, the adrenal gland synthesizes a 
group of steroids with sodium-retaining activity. Aldosterone is 
the principal steroid among this group. Unlike cortisol, which is 
regulated primarily by ACTH secretion, the primary stimulus 
for aldosterone synthesis is the renin-angiotensin system. In 
hypovolemic states, the afferent arterioles of the kidney contain 
specialized juxtaglomerular cells that sense low-flow or low-
pressure states in these vessels. This triggers the kidney’s release 
of the enzyme renin directly into the blood. Renin acts on angio-
tensinogen, a peptide precursor that is synthesized in the liver, 
enzymatically converting angiotensinogen into angiotensin I. 
Angiotensin I passes through the pulmonary circulation and is 
cleaved by a second enzyme, termed angiotensin-converting 
enzyme (ACE), to angiotensin II. Angiotensin II is the most 
biologically active component of the renin-angiotensin system. 
This peptide, though labile, has direct vasoconstrictive effects on 
blood vessels and serves as a stimulus to maintain arteriolar tone. 
This stimulus is particularly important in maintaining normal 
BP when a person is assuming an upright posture. In addition to 
its acute effects on arteriolar tone, angiotensin II stimulates the 
adrenal gland to synthesize aldosterone. This is the principal 
mechanism for regulating aldosterone production.

Aldosterone acts on the distal convoluted tubule and collect-
ing duct to increase sodium absorption (Fig. 61-5). This effect 
occurs via a sodium-potassium transporter. For each molecule 
of sodium that is reabsorbed, the tubular cells secrete a molecule 
of potassium. Under normal circumstances, this maintains a 
normal sodium-potassium balance and a normal plasma volume. 
Expansion of the plasma volume results in increased flow 
through the renal afferent arterioles, and this signals the system 
to decrease renin, thus maintaining equilibrium.

Another important stimulus that controls the release of 
angiotensin II is potassium, which directly stimulates angioten-
sin II and aldosterone production. ACTH can also stimulate 
aldosterone secretion and is needed to maintain normal rates of 
aldosterone synthesis.

Primary disorders of this system are uncommon causes of 
hypertension and plasma volume expansion.

Primary tumors in which aldosterone is the principal secre-
tory product are the most common disorder. Of patients with 
hyperaldosteronism, approximately 60% have an aldosterone-
producing adenoma. Another 34% have idiopathic bilateral 
enlargement of the zona glomerulosa in both adrenal glands and 
overproduce aldosterone, leading to increased sodium retention 
and potassium excretion. These patients usually present with 
mild hypertension, evidence of volume overload, and hypokale-
mia. Other than direct effects on the vasculature, hyperaldoste-
ronism also leads to increased salt retention, which can 
precipitate CHF in elderly patients.

The diagnosis is usually established by obtaining the ratio of 
plasma aldosterone to renin. Because renin is suppressed by the 
increased plasma volume, this ratio is usually greater than 20 : 1, 
necessitating further investigation. Adrenal MRI often confirms 
the diagnosis of an aldosterone-producing tumor.

Treatment for an adrenal adenoma consists of surgical 
removal, which cures hypertension in approximately 60% of 
patients. Patients with bilateral hyperplasia and no tumor 
respond well to diuretics that directly antagonize the effects of 
aldosterone, such as spironolactone. Eplerenone is a more selec-
tive aldosterone antagonist. It has little affinity for other steroid 
receptors, thus reducing the incidence of bothersome adverse 
effects such as gynecomastia and menstrual irregularities expe-
rienced with spironolactone. These drugs are effective in inhib-
iting the sodium-retaining and vasoconstrictive properties of 
aldosterone. They can induce hyperkalemia, and their useful-
ness is therefore limited to patients with a GFR greater than 
30 mL/min. ACE inhibitors are effective for the treatment of 
CHF in which secondary hyperaldosteronism is present.

Adrenal Medullary Tumors

Pheochromocytoma, while rare, is an important cause of acute 
changes in BP and cardiovascular function. These tumors are 
generally unilateral, but they can occur bilaterally and outside 
the adrenal medulla, for example, anywhere in the sympathetic 
ganglia chain (Fig. 61-6). The rapid release of norepinephrine 
or epinephrine from the tumor results in dramatic cardiovascu-
lar signs and symptoms.

Because catecholamines work directly on arterioles to cause 
severe vasoconstriction, the principal signs are rapid elevation 
of BP, palpitations, sweating, tremulousness, anxiety, and ner-
vousness. Other symptoms can include headache, chest pain, 
extreme weakness, and fatigue. Acute symptoms occur in 
approximately 50% of patients and include severe headache, 
dyspnea, palpitations, sweating, and tremor. Signs that are 
notable on physical examination are hypertension, postural 
hypotension, tachycardia, weight loss, increased respiratory 
rate, and tremor. Postural hypotension occurs in approximately 
90% of patients as a result of contraction of intravascular 
volume. Patients with underlying angina pectoris or heart failure 
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Figure 61-5 Primary hyperaldosteronism–mineralocorticoid hypertension. APA, aldosterone-producing adenoma; BP, blood pressure; 
CT, computed tomography; H+, hydrogen; K+, potassium; mRI, magnetic resonance imaging; Na+, sodium; NaCl, sodium 
chloride; PAC, plasma aldosterone concentration; PRA, plasma renin activity.

may severely decompensate in the presence of an untreated 
pheochromocytoma. The diagnosis is established by measuring 
plasma catecholamines directly, urinary catecholamines, and the 
principal metabolites of epinephrine and norepinephrine, which 
include metanephrine.

Administration of β-adrenergic blocking agents can pre-
cipitate a hypertensive crisis by leaving α-adrenergic activity 

unopposed. Other medications that can precipitate a crisis 
include monoamine oxidase inhibitors, tricyclic antidepressants, 
and catecholamine reuptake inhibitors. The hypertension 
responds well to α-adrenergic blocking agents, including 
phenoxybenzamine (Dibenzyline). Management is usually sur-
gical unless the tumor is malignant, in which case long-term 
therapy with α-blockers is necessitated.
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Figure 61-6 Pheochromocytoma. CT, computed tomography; mRI, magnetic resonance imaging.
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Both types of diabetes (type 1 from severe insulin deficiency and 
type 2 primarily from insulin resistance combined with insulin 
deficiency in the later stages) increase the incidence of athero-
sclerosis. Hypertension is also common in patients with long-
standing diabetes, contributing to the high incidence of vascular 
disease in these patients. Patients in whom even moderate 
degrees of azotemia develop often become seriously hyperten-
sive as a result of diabetic nephropathy.

In the majority of patients who have long-standing diabetes, 
significant lipoprotein abnormalities also develop. Therefore, 
multiple risk factors all contribute to extensive vascular disease, 
which occurs in 80% of patients with long-standing diabetes. As 
a factor that increases the relative risk for CAD, diabetes ranks 
second, only behind smoking.

It is difficult to separate the degree of risk conferred by  
diabetes from that conferred by hyperlipidemia. However,  
both are independent risk factors. It should be noted that the 
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dyslipidemic syndrome that occurs in diabetes involves a profile 
that confers high risk for CAD. The lipoprotein phenotype 
common to patients with diabetes is overproduction of triglyc-
erides and apolipoprotein B. Low-density lipoprotein choles-
terol (LDL-C) levels are normal in approximately 65% of 
patients, but the small dense LDL-C fraction is often elevated, 
particularly in patients with extreme hypertriglyceridemia and 
low HDL-C levels. This is due in part to the activity of hepatic 
lipase, increased in type 2 diabetes, which results in processing 
of LDL-C to the small dense particles. Likewise, overproduction 
of triglycerides can lead to suppression of HDL-C, particularly 
the most important subfraction, HDL2. This combination of 
abnormalities constitutes the dyslipidemic syndrome common in 
patients with type 2 diabetes. The presence of nephropathy fur-
ther aggravates the dyslipidemic syndrome in diabetes. Hyper-
triglyceridemia and a low HDL-C level are often accentuated, 
and dialysis can further worsen the profile.

A low HDL-C level is a strong predictor of CHD in patients 
with diabetes. Total triglycerides seem to have some predictive 
value, although the predictive value of total cholesterol in  
diabetic individuals is debated. The non-HDL-C fraction of 
cholesterol, which includes LDL-C plus very low-density lipo-
protein cholesterol, is an excellent predictor of risk. Intimal 
medial thickness is increased in patients with diabetes, suggest-
ing the presence of a diffuse atherosclerotic process, even in 
those who have not had a myocardial infarction. Case fatality 
rates after an ischemic event are substantially higher among 
patients with diabetes.

The low HDL-C levels in persons with diabetes are associ-
ated with poor glycemic control. Improving glycemic control 
often lowers triglycerides and raises HDL-C. Treatment with 
oral hypoglycemic agents or insulin improves both triglyceride 
and HDL-C levels. Weight loss also improves both of these 
parameters.

Not surprisingly, peripheral vascular disease is also wide-
spread in patients with diabetes. Many patients with coronary 
disease also have disease in the large peripheral arteries. Leg and 
foot amputations are far more frequent among patients with 
diabetes. Bilateral occlusive disease in medium-sized arteries 
below the knee is common in patients with long-standing 
disease. Medical treatment of peripheral vascular disease gener-
ally has limited success. Vascular surgery is the only option for 
many patients. Indications for Doppler ultrasonography fol-
lowed by arteriography are pain at rest, ulcerations that fail to 
heal, and gangrene.

Cardiomyopathy

The possibility of a distinct diabetic cardiomyopathy has been 
debated. Postmortem examinations reveal cardiomegaly and 
myocardial fibrosis. Unexplained CHF occurs in a substantial 
number of patients with diabetes. Echocardiography of patients 
with extensive microvascular disease shows compromised 
cardiac function. Impaired diastolic filling has been demon-
strated in a substantial number of patients with type 1 diabetes 
with long-standing disease. A delayed increase in the ventri-
cular ejection fraction during dynamic exercise is present in  
29% of patients. The pathogenesis seems to be varied and 
multifactorial.

FuturE DirECtions

Several recently developed drugs are being analyzed for their 
ability to improve cardiovascular manifestations of endocrine 
disorders. Studies of a GH receptor antagonist show that it 
significantly improves cardiomyopathy in acromegaly. Admin-
istration of this drug (pegvisomant) to patients with severe car-
diomyopathy results in marked improvement in LV function. 
Pegvisomant lowers insulin-like growth factor I into the normal 
range and therefore brings about ventricular remodeling. The 
aldosterone receptor antagonists are being studied in patients 
with heart failure to determine if they provide patients who have 
an adequate GFR with another treatment option. Eplerenone is 
also being analyzed for its efficacy in hypertension that accom-
panies renal failure in patients on dialysis, because these patients 
have a high rate of vascular disease progression. Both this drug 
and ACE inhibitors show promise improving rates of vascular 
events in this patient population.

Several drugs are in development for the treatment of  
hyperlipidemias. New medications that work to lower LDL-C 
levels by mechanisms other than the LDL-C receptor are in 
phase III development; it is presumed that their administration 
with a statin will further improve LDL-C levels in patients 
whose LDL-C level cannot be normalized on statin therapy.  
No primary drug therapy for low HDL-C levels has been 
approved, but there are drugs in development for patients who 
have only a low HDL-C level as a manifestation of their lipid 
disorder (e.g., most patients with diabetes). Such a drug would 
allow treatment of many patients who have no means other  
than exercise and alcohol ingestion to raise their HDL levels. 
Ongoing clinical studies will define the safety and efficacy of 
this approach and whether this approach will reduce mortality 
and morbidity rates in patients at risk.

Studies to determine long-term cardiovascular outcome in 
patients with secondary hyperparathyroidism who are receiving 
calcium-sensing receptor mimics are continuing. This is a popu-
lation at high risk for vascular diseases; therefore, the results will 
be of great interest. The role of estrogen replacement therapy 
in postmenopausal women for decreasing cardiovascular risk is 
under intense investigation. While the combination of estrogen 
plus progesterone was found to increase cardiovascular risk, no 
increased risk was noted with estrogen alone. However, whether 
estrogen therapy alone confers a benefit both in terms of reduc-
ing high BP and in terms of atherosclerosis remains unproven. 
Epidemiologic studies indicate that women treated with estro-
gen alone in early menopause, ages 50 to 60, show marked 
cardiovascular benefit. However, the potential to increase the 
risk for ovarian and breast cancer has not been definitively 
determined.
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C onnective tissue disorders commonly affect the cardiovas-
cular system. The endocardium, myocardium, and peri-

cardium all can be injured through different mechanisms by  
any rheumatologic disease. Similarly, the conducting system is 
affected by different mechanisms in connective tissue disorders. 
Each disorder has a particular pattern of involvement. Aortic 
root disease is more common in ankylosing spondylitis. Pericar-
ditis is prevalent in systemic lupus erythematosus (SLE) and 
rheumatoid arthritis (RA). Direct inflammatory infiltration or 
fibrosis frequently causes conduction system damage and may 
result in bundle branch blocks, atrioventricular (AV) blocks, and 
various electrophysiologic abnormalities; these can be associated 
with myocarditis, especially in polymyositis and scleroderma. In 
utero conduction damage may be associated with anti-Ro/SSA 
and anti-La/SSB antibodies passively transferred from the 
mother’s circulation through placental blood flow. Valvular 
disease, coronary lesions, and pulmonary hypertension associ-
ated with various connective tissue diseases can also lead to 
secondary bundle branch blocks, atrial fibrillation, and other 
arrhythmias. Autonomous nervous system abnormalities in RA, 
SLE, and ankylosing spondylitis decrease parasympathetic 
activity and variability. Rheumatic disease severity and activity 
often correlate with cardiac manifestations. However, heart 
disease can be the first sign of a rheumatic disease.

For all these reasons, it is important to screen for cardiovas-
cular diseases in rheumatic disease patients. Even in the absence 
of traditional risk factors, cardiovascular diseases are common 
and are major causes of mortality and morbidity in this patient 
population.

ETiologiEs

With rare exception, the etiology of connective tissue diseases 
remains unclear but is probably multifactorial. It is thought that 
connective tissue diseases occur when individuals with a suscep-
tible genetic background encounter an inciting factor such as 
infection, drugs, or environmental agents. Varying patterns  
of complement activation, T- and B-cell interactions, or tissue 
macrophage infiltration produce inflammation and damage in 
rheumatic disorders but are also vital to normal blood vessel 
homeostasis. The specific factors promoting pathogenic instead 
of homeostatic effects are unknown and probably involve vas-
cular, fibrotic, and immunologic features. Clinically significant 
heart disease may be caused by direct immunologic injury to the 
myocardium, endocardium, or pericardium or to the blood 
vessels supplying these tissues.

Certain antibodies are associated with cardiac involvement 
in rheumatologic diseases. Antibodies to endothelial cells found 
in SLE, antiphospholipid syndrome (APS), scleroderma, and 
different forms of vasculitis correlate with disease activity and 
severity of involvement. Antibodies to myocardium are found in 

lupus and other connective tissue diseases. Anti-Ro/SSA and 
anti-La/SSB antibodies are associated with cardiac involvement 
and are known to cause neonatal lupus with congenital heart 
block. Certain major histocompatibility complex haplotypes are 
associated with increased risk of particular rheumatologic dis-
eases. Classic examples include the link between human leuko-
cyte antigen (HLA) B27 and spondyloarthropathy, as well as 
HLA DR4 and RA. The interaction between inflammatory cells, 
endothelial injury response, and repair processes may influence 
clinical expression of vasculitides.

synDromEs

Rheumatoid Arthritis

RA, characterized by a symmetric, additive, destructive synovi-
tis, occurs in 1% of most populations. The most frequent cardiac 
manifestations in patients with RA are pericarditis and valvular 
heart disease (Fig. 62-1). These features are more common in 
patients with nodular seropositive RA than in RA patients 
without extra-articular pathology. With routine screening  
echocardiograms, pericardial thickening with or without a  
pericardial effusion may be seen in up to 60% of patients, 
though clinically evident in less than 5% (Tables 62-1 and 62-2). 
Pericardial fluid due to RA involvement is exudative, serosan-
guineous, or hemorrhagic with high acidity. Adhesions and 
loculations are common, often making pericardiocentesis inef-
fective. A significant proportion of patients with clinical peri-
carditis have constriction or tamponade with a grave prognosis. 
These patients, under some circumstances, may benefit from 
surgical pericardiectomy.

Despite frequent occurrence (up to 70%), valvular lesions are 
rarely symptomatic in RA. Pathologically, endocardial lesions 
can be caused by fibrosis, nonspecific inflammation, or rarely, 
rheumatoid granulomas. Aortic or mitral insufficiency and 
aortic root dilation are the most common manifestations. When 
due to inflammation these lesions may progress rapidly and 
require surgical intervention. Myocarditis is rarely clinically 
evident but can be associated with arrhythmias. Vasculitis of 
coronary vessels has been described, although the clinical sig-
nificance is unknown. Recently, serum levels of antibodies 
directed against cyclic citrullinated peptide (anti-CCP) have 
been detected in the sera of RA patients earlier than rheumatoid 
factor (RF). It has been suggested that anti-CCP may define a 
subset of individuals at increased risk for destructive arthritis. 
Strong gene-environment interactions also exist between ciga-
rette smoking and homozygosity for HLA DRB1 shared- 
epitope (SE) alleles DRB1*04 or DRB1*01. Heterozygous 
individuals who carry at least one copy of the SE and are exposed 
to cigarette smoking also have a markedly increased risk of anti-
CCP-positive RA. Increased cardiovascular risk occurs in RA 
independent of traditional risk factors and has been attributed 
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Figure 62-1 Extra-articular manifestations in rheumatoid arthritis.
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as carcinoma until identified by biopsy
or postsurgical pathologic analysis.

Table 62-1 Clinical Cardiac Manifestations in Rheumatologic Disorders

Disorder Common less Common/rare

Rheumatoid arthritis Pericarditis
Valvular lesions/endocardial involvement

Myocarditis
Arrhythmia

Systemic lupus erythematosus Valvular lesions/endocardial involvement
Pericarditis

Myocarditis
Arrhythmia

Ankylosing spondylitis Valvular lesions/endocardial involvement
Aortitis
Arrhythmia

Pericarditis
Myocarditis (very uncommon)

Inflammatory myopathy Myocarditis
Arrhythmia

Valvular lesions
Pericarditis

Scleroderma Cardiomyopathy with microvascular dysfunction
Arrhythmia

Pericarditis
Valvular disease

Antiphospholipid syndrome Valvular lesions/endocardial involvement
Coronary artery disease

to ongoing inflammation. More aggressive management of 
inflammation in RA as well as traditional risk factors may lead 
to marked improvements in outcomes for patients with RA.

Systemic Lupus Erythematosus

SLE (also called lupus) is a multisystem autoimmune disorder 
characterized by the production of autoantibodies and a striking 

female predominance in the reproductive years (10 : 1 female-
to-male). Autoantibodies and immunocomplexes with com-
plement activation are thought to be the major factors in 
cardiovascular injury. In SLE, as in RA, the pericardium and 
endocardium are most commonly involved. Serositis in SLE is 
often associated with disease flares. Pericarditis is clinically 
evident in up to 20% of patients, with a prevalence by echocar-
diography and in autopsy series as high as 60% in individuals 



CHAPTER 62 • Connective Tissue Diseases and the Heart 529

Table 62-2 Prevalence of Cardiac Involvement in Rheumatologic Disorders

Disorder noninvasive Tests Autopsies

Rheumatoid arthritis Pericarditis 20% to 60% (echo)
Valvular lesions/endocardial involvement 30% to 

40% (echo)

Pericarditis 20% to 60%
Valvular lesions/endocardial involvement 30% 

to 50%
Systemic lupus 

erythematosus
Pericarditis 20% to 60% (echo)
Valvular lesions/endocardial involvement 30% to 

40% (TTE), 53% to 73% (TEE)

Pericarditis 40% to 70%
Valvular lesions/endocardial involvement 10% 

to 70%
Myocarditis 8% to 81%

Ankylosing spondylitis Aortic regurgitation 3% to 10% (echo)
Conduction abnormalities 22% to 50% (ECG/Holter)

Aortic root thickening and dilation 20% to 60%

Inflammatory myopathy Arrhythmias 30% to 50% (ECG/Holter)
Pericarditis 10% to 25% (echo)
Valvular lesions/endocardial involvement 8% to  

20% (echo)

Myocarditis 30%

Scleroderma Arrhythmias 50% (ECG)
Pericarditis 30% to 50% (echo)

Cardiomyopathy 12% to 89%
Pericarditis 30% to 70% (echo)

ECG, electrocardiogram; Echo, echocardiogram; TEE, transesophageal echocardiogram; TTE, transthoracic echocardiogram.

with SLE. Tamponade occurs in 1% to 2% of patients; constric-
tion is even less common. Analysis of pericardial fluid is similar 
to that of RA, with high acidity and increased polymorphonu-
clear cells.

Asymptomatic valvular involvement, usually mitral and 
aortic, is found in up to 70% of patients by transesophageal 
echocardiography. Libman and Sacks first described noninfec-
tious endocarditis-like lesions in SLE. These consist of throm-
botic-fibrinous clusters with proliferating endothelial cells, 
edema, and areas of necrosis. Immunoglobulins and comple-
ment deposits are often detected. The etiology of the lesions 
commonly found on the posterior mitral leaflet, advancing  
to the papillary muscles and chordae tendinae, is controversial. 
APS may influence valvular pathology of patients with  
SLE. Acute valvular insufficiency can lead to hemodynamic 
instability and require surgical correction. Libman-Sacks endo-
carditis may predispose patients to infectious endocarditis. 
Lupus endocarditis also can cause various thromboembolic phe-
nomena requiring anticoagulation, especially when associated 
with APS.

Conduction abnormalities, including AV block, bundle 
branch block, and dysautonomia, are found in up to 10% of 
patients with SLE. However, most of these are not clinically 
significant. In pregnant patients with SLE, screening for anti- 
Ro/SSA and anti-La/SSB antibodies is important to identify 
those at risk for neonatal lupus with congenital heart block. 
Most infants with congenital heart block, however, are born to 
mothers without SLE, who were not known to be seropositive 
for SSA or SSB before delivery. In pregnant women with SLE, 
only 1% to 3% of their infants are clinically affected by the 
antibodies. Nonetheless, for women with positive antibodies, 
weekly fetal echocardiography between 17 and 24 weeks of 
gestation is recommended. In women with a prior history of an 
infant with neonatal lupus (rash or heart block), the risk for 
affected future offspring rises to 20%.

Another important manifestation of SLE, myocarditis, is 
clinically evident in less than 10% of patients but can cause 

severe systolic dysfunction. Myocarditis often develops with 
other organ involvement and may occur early in the course  
of SLE. Treatment with steroids or cytotoxic agents can be 
lifesaving.

New data suggest that homocysteine has an important role 
in the pathogenesis of coronary artery disease (CAD) in lupus. 
Among its many beneficial effects, hydroxychloroquine use 
lowers homocysteine levels. Vitamin B12 and folic acid supple-
mentation should also be considered in SLE patients with 
hyperhomocysteinemia.

Seronegative Spondyloarthropathies

Seronegative spondyloarthropathies (Spas) include ankylosing 
spondylitis, psoriatic arthritis, postinfectious arthritis, and 
Behçet’s syndrome and arthritis associated with inflammatory 
bowel disease. All of these conditions are associated with HLA 
B27, although the association is strongest in ankylosing spon-
dylitis, which is considered the prototype Spa. The pathophysi-
ology of cardiac lesions in Spa is characterized by mononuclear 
cellular inflammation with progressive fibrosis. Ankylosing 
spondylitis most commonly affects valvular structures and the 
aortic root and may present with aortic insufficiency (Fig. 62-2). 
Aortic thickening, dilation with some degree of aortic regurgita-
tion, or both are found in 82% of patients with ankylosing 
spondylitis by means of transesophageal echocardiography. 
Aortic insufficiency is often associated with long-standing 
disease and older age. Aortic dissection may also occur. Progres-
sive aortic dilation in ankylosing spondylitis may respond to 
corticosteroid and cytotoxic therapy. Mitral valve pathology is 
less common than aortic and is characterized by leaflet fibrosis 
or regurgitation. Diastolic dysfunction and left ventricular 
hypertrophy in ankylosing spondylitis are often consequences 
of valvular lesions. Conduction disturbances are usually caused 
by myocardial fibrosis. Bradyarrhythmias are associated with 
HLA B27 spondyloarthropathies.
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Figure 62-2 Ankylosing spondylitis.
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Dermatomyositis and Polymyositis

Noninvasive tests identify cardiac lesions in more than 70% of 
patients with dermatomyositis or polymyositis, but only 10% 
are symptomatic (Fig. 62-3). Dermatomyositis typically presents 
with vascular damage and microvasculopathy, whereas poly-
myositis shows marked T-cell muscle infiltration. The pathol-
ogy observed ranges from active inflammation to fibrosis and 
small-vessel disease. Myocardial involvement can cause conduc-
tion abnormalities and life-threatening ventricular arrhythmias. 
Myocarditis often correlates with skeletal muscle disease. Peri-
carditis is usually asymptomatic but is detected by echocardiog-
raphy in up to 25% of patients; valvular lesions are rare.

Scleroderma

Systemic sclerosis (SS), or scleroderma, is a chronic connective 
tissue disorder characterized by inflammation, fibrosis, and 
degenerative changes in the skin, blood vessels, joints, skeletal 
muscle, and internal organs, such as the gastrointestinal tract, 
kidney, and lungs. SS is classified into diffuse scleroderma and 
limited scleroderma with skin changes prominently in the distal 
extremities (Fig. 62-4). Scleroderma leads to immune-mediated 
endothelial injury with extensive fibrosis, producing a bland, 
intimal hyperplasia associated with tissue ischemia. It commonly 

involves the cardiovascular system. Mortality as a result of car-
diopulmonary causes is more common than that from renal 
disease. The proposed mechanism for the myocardial injury  
in scleroderma is a myocardial Raynaud’s phenomenon with 
microvascular dysfunction. Endomyocardial biopsy shows myo-
cardial fibrosis, contraction band necrosis, and myocytolysis in 
up to 80% of patients. Pericardial pathology is detected clini-
cally in approximately 10% of patients, often being detected 
during life by echocardiography, or after death at autopsy. A 
high frequency of arrhythmias and electrophysiologic abnor-
malities is characteristic of scleroderma; sudden cardiac death is 
also increased in patients with SS. Diastolic dysfunction often 
begins early in the disease and frequently precedes other cardiac 
abnormalities. Limited scleroderma less commonly affects the 
heart. Noninvasive methods in asymptomatic patients with 
limited SS detect approximately 10% each of arrhythmia, peri-
carditis, and cardiomyopathy. Pulmonary disease, particularly 
pulmonary hypertension, contributes significantly to cardiac 
abnormalities in limited and diffuse SS.

Vasculitis

The vasculitides are a heterogenous group of disorders charac-
terized by destruction of blood vessels by several methods: direct 
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Figure 62-3 Polymyositis/dermatomyositis.
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antibody attack, immune complex formation, and cell-mediated. 
Systemic vasculitis embraces a range of relatively rare disorders, 
with an estimated incidence of 19.8 per million cases. When the 
inflammatory process compromises critical organ function, 
patients can experience severe symptoms or death. The prog-
nosis for these disorders has improved; in most patients the 
disorders have become chronic diseases, with longer patient 
survival and greater likelihood of remission. Treatment with 
corticosteroids and immunosuppressive drugs is beneficial both 
at presentation and for flares.

Classification of these disorders is based on several features: 
the size of the blood vessels involved, knowledge of disease 
pathophysiology, and the patterns of organ involvement. Large-
vessel arteritis includes giant cell arteritis (GCA) and Takayasu’s 
vasculitis. They primarily affect the aorta and main branches but 
may also involve medium-sized arteries including the coronary 
arteries. Medium-vessel vasculitis includes polyarteritis nodosa 
and the childhood vasculitis Kawasaki’s disease. Although poly-
arteritis nodosa typically spares the heart, Kawasaki’s disease 
causes coronary artery aneurysms in up to 25% of untreated 
children and pericardial effusions in 30%, along with myocar-
ditis and valvular regurgitation. These patients are also noted to 
have increased cardiovascular mortality. Small-vessel vasculitis 
adversely affects a variety of tissues and organs, including the 

skin, lungs, and kidneys. These diseases can be among the most 
devastating of rheumatic diseases. Cardiovascular diseases are 
also a major cause of mortality.

sEConDAry CAusEs oF 
CArDiovAsCulAr DisEAsE

Cardiac pathology in connective tissue disorders is increased 
through adverse cardiac effects of the medications used to treat 
the rheumatic disorders and comorbidities associated with the 
frequent use of corticosteroids. Methotrexate elevates homocys-
teine levels, an established risk factor for CAD. The anti-tumor 
necrosis factor-α (TNFα) inhibitors are associated with worsen-
ing cardiac function, exacerbating congestive heart failure. 
Long-term steroid use increases the risk of hypertension, dia-
betes, and advanced atherosclerosis, which are all associated 
with cardiovascular disease (see Chapter 61).

Chronic inflammation with long-standing autoimmune  
disorders such as RA can lead to amyloidosis that may cause 
restrictive cardiomyopathy and conduction abnormalities. 
Felty’s syndrome (splenomegaly with cytopenia in patients with 
RA) can cause severe immunodeficiency and theoretically can 
affect the pathogenesis of endocarditis on already damaged 
valves. Renal involvement in SLE is often associated with 
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Figure 62-4 Progressive systemic sclerosis with lung involvement.

hypertension, contributing to cardiomyopathy. Many patients 
with rheumatic disease have limited physical activity; their sed-
entary lifestyle may contribute to CAD and increase the risk of 
thromboembolic complications. Chronic inflammation, one of 
the key features of rheumatologic diseases, can directly lead  
to accelerated atherosclerosis and CAD. Pulmonary fibrosis, 
common with dermatomyositis or scleroderma, may be com-
plicated by pulmonary hypertension leading to right-sided  
heart failure. APS and pulmonary hypertension, commonly 
associated with many rheumatologic conditions, warrant addi-
tional discussion.

With or without coexistent rheumatic disease, APS is associ-
ated with recurrent arterial and venous thrombosis and fetal 
loss, and may lead to considerable morbidity and mortality. The 
two most common cardiac manifestations of APS are valvular 
lesions and coronary disease, including myocardial infarction in 
4% of patients. APS causes endothelial cell activation and ath-
erosclerosis. It may have an important role in the pathogenesis 
of CAD in patients without classic cardiac risk factors. Endo-
cardial damage usually occurs in the mitral valve. Moderately or 
strongly positive titers of antibodies to cardiolipin often corre-
late with the frequency and degree of valvular involvement.

Pulmonary hypertension is an important cause of morbidity 
and mortality in connective tissue disorders, especially in 

scleroderma and dermatomyositis as a result of arterial and 
myocardial effects of the disease process. Pulmonary hyper-
tension can also occur as a result of pulmonary embolism  
secondary to a hypercoagulable state, most commonly in asso-
ciation with APS. Pulmonary hypertension decreases cardiac 
tolerance, with a significant increase in right ventricular pres-
sures. This is probably why, in scleroderma, electrophysiologic 
abnormalities and arrhythmias originate mainly from the right 
side of the heart, in contrast to patients with CAD who do not 
have rheumatic disease, in whom left-sided arrhythmias pre-
dominate. Normalization of pulmonary pressure frequently 
improves cardiac function, especially if done early in the course 
of disease.

CAD in connective tissue disorders causes significant cardiac 
mortality and morbidity in RA, SLE, and ankylosing spondylitis. 
The risk of premature CAD in SLE is markedly increased. Rates 
of myocardial infarction and death secondary to coronary disease 
in premenopausal women with lupus are 50 times higher than 
in controls. CAD is often silent, or if it causes pain, patients may 
ignore it, overwhelmed with multiple musculoskeletal symp-
toms. For these reasons, patients with SLE, RA, and other 
rheumatologic disorders warrant aggressive diagnosis and treat-
ment of CAD, despite younger age at onset, female predomi-
nance, or the absence of classic risk factors.
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DiFFErEnTiAl DiAgnosis

Because rheumatic diseases often present with constitutional 
symptoms, possible underlying infection or malignancy should 
be excluded given the overlap in symptomatology. Hepatitis B 
and C, possibly associated with cryoglobulinemia, can lead to 
medium- or small-vessel vasculitis. Subacute bacterial endocar-
ditis, Lyme disease, and other chronic infections, such as tuber-
culosis and brucellosis, may complicate the diagnosis.

Rheumatic disease without identifying autoantibodies may be 
especially difficult to diagnose. Diagnosis of polymyalgia rheu-
matica may prove most challenging. Polymyositis predomi-
nantly produces muscle weakness instead of pain. Elevated 
creatine kinase (CK), electromyography, and muscle biopsy 
findings confirm the diagnosis. Multiple myeloma may present 
similarly; however, the presence of paraproteins on serum and 
urine electrophoresis in multiple myeloma can distinguish the 
two. Other disorders, including cholesterol emboli, may mimic 
rheumatic disease. Hypothyroidism, spondyloarthropathy, 
polymyositis, and, rarely, amyotrophic lateral sclerosis can 
present similarly to polymyalgia rheumatica. Amyloidosis can 
mimic GCA, including jaw or arm claudication, and should be 
excluded.

Temporal artery biopsy results are abnormal in up to 80% 
to 90% of GCA cases. Since the lesions of GCA are patchy, this 
biopsy specimen should be 3 to 5 cm optimally, and, if results 
are negative, a contralateral biopsy should be considered to yield 
accurate results. The temporal artery biopsy shows fragmenta-
tion of the elastica lamina, luminal narrowing, intimal edema, 
granulomas with multinucleated giant cells, and monocellular 
infiltrate. Magnetic resonance angiography and angiography 
can assess vessel involvement, particularly large-vessel involve-
ment in GCA. Noninvasive vascular studies identify only 
patients with pronounced luminal narrowing. More recently, 
positron emission tomography scanning has emerged as a useful 
tool to assess the extent of blood vessel inflammation and avoid 
repetitive arterial instrumentation and contrast exposures.

Drug-induced connective tissue disorders include vasculitis 
and lupus. Drug-induced lupus may be associated with several 
medications, most frequently procainamide and hydralazine. 
More recently, minocycline, α interferon, and TNFα-blockers 
have been associated with antinuclear antibody (ANA) and for-
mation of antibodies to double-stranded DNA. Other agents 
such as propylthiouracil may induce lupus-like disorders or vas-
culitis. Environmental factors may also induce autoimmune  
disorders. In RA, cigarette smoking is associated with anti-CCP- 
positive disease. Patients who test positive for anti-CCP are 
more likely to have severe erosive disease.

Laboratory Abnormalities

There is no single diagnostic test for connective tissue diseases. 
The diagnosis relies on the history in combination with appro-
priate physical findings, and laboratory and pathologic results. 
The American College of Rheumatology and other expert 
groups have established criteria that are useful clinically. ANA 
testing is a sensitive screening test, since more than 95% of 
patients with lupus have positive test results when the test is 
performed using a substrate containing human nuclei such as 

HEP-2 cells. However, a positive test result for ANA is  
not specific for SLE. Positive ANA test results may occur in 
healthy individuals, especially in older adults; 15% of patients 
aged older than 65 years have ANAs, usually at a low titer. It is 
important to exclude other autoimmune diseases, particularly 
those associated with a positive ANA result, such as RA, Sjögren’s 
syndrome, scleroderma, isolated Raynaud’s syndrome, or organ-
specific autoimmune diseases, including idiopathic thrombocy-
topenic purpura, autoimmune thyroid disease, and hemolytic 
anemia. Family members of patients with SLE often manifest 
an ANA without development of clinical SLE features. Many 
autoimmune diseases have overlapping features, making strict 
classification difficult. The presence of antibodies to the Smith 
antigen, though found in only 15% to 30% of patients, is 
pathognomonic for SLE. RF is elevated in 80% of patients with 
RA, although it can be positive in various infectious, autoim-
mune, and oncologic disorders. Anti-CCP is a newly recognized 
autoantibody in a subset of patients with RA and is associated 
with more severe erosive arthritis. It may be positive earlier in 
the course of arthritis than RF and demonstrates a significant 
gene-environment interaction. Individuals homozygous for the 
high-risk SE who are cigarette smokers are at a selective and 
substantial risk of developing CCP-positive RA, although their 
risk of RA without anti-CCP is not changed.

Acute-phase reactants such as erythrocyte sedimentation rate 
and C-reactive protein are often elevated in rheumatologic con-
ditions and may correspond with flare of disease. An exception 
is the Spas, in which these test results may remain normal 
despite active disease.

DiAgnosTiC ApproACH

The diagnosis of rheumatologic diseases relies on the history 
and physical examination. Antibody tests and acute-phase reac-
tants should be considered in the context of clinical presenta-
tion, and diagnosis cannot rely on serologic tests alone. When 
evaluating cardiac involvement by rheumatologic condition, 
specific cardiac enzymes are used with some limitations; the MB 
fraction of CK can often be elevated from muscle injury and 
repair in myositis, and may be less specific in these settings. CK 
and troponin levels are frequently normal in lupus cardiomy-
opathy, necessitating further investigation. Myocardial biopsy 
can help differentiate the pathologic process, particularly to 
distinguish active inflammation from fibrosis before instituting 
cytotoxic therapy with potentially serious side effects.

mAnAgEmEnT AnD THErApy

Optimum Treatment

The choice of immunosuppressive medications to treat underly-
ing rheumatologic disorders is often based on clinical experience, 
with few large randomized trials available. These medications 
include methotrexate, azathioprine, hydroxychloroquine, leflu-
nomide, cyclophosphamide, and mycophenolate mofetil, among 
others. Large-scale clinical trials have been recently published in 
the area of biologic therapies including anti-TNF therapy, 
costimulatory blockers such as CTLA4-Ig, and anti-interleukin- 
6 (anti-IL-6). While these therapies may also reduce the cardio-
vascular complications that occur in rheumatologic diseases, this 
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has yet to be conclusively established. The therapy of cardiac 
diseases in these individuals should also include conservative or 
surgical management of heart failure, ischemia, arrhythmia, and 
valvular disease, as discussed in other chapters.

Symptomatic pericarditis is best managed with nonsteroidal 
anti-inflammatory drugs and steroids. If hemodynamic compro-
mise is present, close monitoring is warranted. Pericardial tam-
ponade occurs more commonly in rheumatic diseases than 
formerly recognized. Pericardiocentesis can be lifesaving but is 
effective for only a short time, and, although initial relief may 
result, pericardiocentesis rarely “cures” pericardial tamponade 
associated with collagen vascular diseases. Cardiothoracic 
surgery may be necessary to create a pericardial window for 
continued drainage. However, as noted earlier, resistant per-
icardial effusions or constrictive pericarditis may necessitate 
pericardiectomy.

High-dose steroids and cytotoxic therapy are effective in 
SLE with inflammatory myocarditis. Myocardial biopsy often 
confirms inflammation and excludes other cardiomyopathy 
causes. Management of valvular lesions secondary to rheumato-
logic conditions is similar to other valve defects, except that 
inflammatory valvular lesions tend to progress more rapidly, 
necessitating close follow-up. Pulmonary hypertension therapy 
includes administration of calcium channel blockers, prostacy-
clin analogues, and endothelin antagonists.

Anticoagulation is indicated in most patients with significant 
pulmonary hypertension regardless of the cause but certainly 
including patients with primary rheumatologic diagnoses. 
Symptomatic APS often necessitates lifelong anticoagulation 
treatment.

Avoiding Treatment Errors

Recognizing that a rheumatic disease may be the cause of the 
patient’s presentation is the first step to avoiding treatment 
errors. Typically, the patient may relate a scenario of new, seem-
ingly unrelated symptoms that coalesce into a pattern suggesting 
a specific disorder. In a young woman presenting with a large 
pericardial effusion, recognizing that her new-onset Raynaud’s 
syndrome, esophageal reflux, newly developing hypertension, 
and renal insufficiency may reflect onset of scleroderma renal 
crisis can be lifesaving. It may also prevent the choice to use 
high-dose steroids that may precipitate renal crisis in sclero-
derma. Consultation with a rheumatologist and/or other appro-
priate subspecialists can be very useful for management of 
patients with such complex presentations. Most important, with 
the development of newer biologics for the treatment of rheu-
matic diseases is a clear understanding of the risks, side effects, 
and the implications of continuing or halting therapy. Cur-
rently, these therapies are not indicated specifically for treating 
or preventing cardiovascular diseases in patients with connective 
tissue and/or rheumatologic diseases.

FuTurE DirECTions

The main cause of CAD in connective tissue disorders remains 
atherosclerosis. The role of coronary vasculitis is widely debated, 
and the precise molecular mechanisms remain to be elucidated. 
The roles of immune complex deposition, APS, pro-oxidant 

environment, inflammation, and dyslipidemia are under inves-
tigation. Monoclonal antibodies directed against TNF, IL-1 
receptor A, CD-20–expressing B cells, and IL-6 are used more 
often in rheumatologic conditions; case reports showing the 
efficacy of biologic agents to treat endocarditis and myocarditis 
associated with connective tissue disorders have been published. 
Genetic and immunologic studies will continue and offer hope 
in earlier diagnosis and institution of appropriate therapy for 
these patients. New biomarkers of disease activity will continue 
to arise. Understanding complex gene-environment interac-
tions, such as the SE with cigarette smoking in RA associated 
with anti-CCP, will undoubtedly foster research on new path-
ways important to the etiology of this rheumatic disease.
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Koopman WJ, Moreland LW, eds. Arthritis and Allied Conditions. 15th 
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Available at: <http://www.niams.nih.gov/>; Accessed 18.03.10.

This highly accessible resource for information on rheumatic diseases and 
current therapies has patient material that can be downloaded and is available 
in English and Spanish. It is easily searchable for information and for current 
clinical trials and locations.



63 

Cardiac Tumors

Hanna K. Sanoff and Mark A. Socinski

U ntil the second half of the twentieth century, cardiac 
tumors were diagnosed almost exclusively at autopsy, and 

no treatment options existed for those rare instances of ante-
mortem discovery. Advances in cardiac imaging—principally 
echocardiography—and the advent of cardiopulmonary bypass 
made cardiac tumors treatable. Primary tumors of the heart are 
rare and typically benign. Because of their critical location, 
however, they are almost never clinically benign. Secondary 
tumors are more common, particularly in the setting of meta-
static disease.

Data from autopsy series place the incidence of primary heart 
tumors around 0.02%, of which 75% are benign. Myxomas 
represent half of all benign primary tumors. Of primary malig-
nant neoplasms, approximately 95% are sarcomas.

Secondary malignant neoplasms have an autopsy incidence 
of 1% and occur most commonly in the setting of widely  
disseminated metastatic disease. Of patients who die of meta-
static cancer, 20% have some degree of cardiac involvement, 
frequently asymptomatic. The cancers most likely to involve  
the heart are lung cancer, breast cancer, lymphoma, and myeloid 
leukemia. Melanoma has a predilection for the heart; cardiac 
involvement is present in 50% of patients with advanced disease.

CliniCal PresenTaTion

The clinical presentation of a cardiac tumor depends on its 
location. Tumors located on the endocardial surface, such  
as myxomas, usually present with various embolic phenomena 
or symptoms of valvular obstruction. Tumors that arise within 
the myocardium are more likely to produce arrhythmias  
and disruption of the conduction system. Diffuse myocardial 
infiltration can result in heart failure from systolic or diastolic 
dysfunction. Epicardial and pericardial involvement may  
manifest as pain, effusion, or heart failure in the form of con-
striction or tamponade. Myxomas also present with systemic 
illness—principally constitutional symptoms and hematologic 
abnormalities.

DifferenTial Diagnosis

Primary tumors of the heart should be considered in the dif-
ferential diagnosis of embolic phenomena, valvular disease, 
heart failure, and arrhythmia. Infectious endocarditis may 
present in a manner virtually indistinguishable from that of a 
cardiac tumor—particularly myxomas that present with consti-
tutional symptoms—and is a key component of the differential 
diagnosis. Other diagnostic considerations include atrial or  
ventricular thrombosis, endocrine derangements (particularly 
thyroid disease), and rheumatologic diseases such as lupus and 
systemic vasculitis.

Embolization

Emboli from cardiac tumors result from dislodgement of  
adherent thrombus or tumor fragments. The clinical picture 
from embolization of multiple small fragments may resemble 
small-vessel vasculitis or endocarditis. Larger emboli can cause 
stroke, infarction of visceral organs, and peripheral ischemia 
from arterial emboli. Tumor emboli should always be included 
in the differential diagnosis of embolic phenomena. Hence, a 
pathologist should review all resected emboli.

Obstruction

Valvular obstruction by a tumor produces symptoms similar  
to valvular heart disease. Because atrial tumors are more 
common, obstruction of the atrioventricular valves mimicking 
mitral and tricuspid stenosis is typical. Classic symptoms caused 
by tumor obstruction can be distinguished from valvular disease 
by the paroxysmal and positional nature of obstruction by a 
mobile tumor.

Arrhythmia

Infiltration of the myocardium and irritation by an endocardial 
tumor can cause supraventricular and ventricular arrhythmias. 
Disruption of the conduction system may cause all degrees  
of atrioventricular nodal block. Sudden cardiac death is a  
risk; however, this presentation is unusual in patients with 
cardiac tumors.

DiagnosTiC aPProaCh

Transthoracic echocardiography is the standard means by  
which many cardiac tumors are diagnosed. Echocardiography  
is most sensitive in the diagnosis of endocardial tumors and  
least well suited for diagnosing tumors originating from the 
pericardium. Transesophageal echocardiography allows further 
evaluation of right-sided tumors and better characterization of 
questionable masses seen on transthoracic cardiac imaging. MRI 
can further assess pericardial disease and the extent of cardiac 
involvement of a tumor. Both MRI and CT scans may help 
further characterize the tumor, allowing for a presumptive diag-
nosis in the absence of biopsy. Biopsy of cardiac tumors is typi-
cally not warranted if operative intervention is planned, since 
the risk of complication—particularly embolization—often out-
weighs the need for a preoperative diagnosis.

Primary Benign CarDiaC Tumors

The majority of benign cardiac tumors are myxomas; however, 
a wide variety of tumors arise within the heart (Table 63-1).
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Table 63-1 Histologic Distribution of Primary Benign 
Cardiac Neoplasms

Percentage of Tumors

Benign Tumor adults Children

Myxoma 45 15
Lipoma 21 0
Papillary fibroelastoma 16 0
Rhabdomyoma 2 45
Fibroma 3 15
Hemangioma 5 5
Teratoma 1 13
Other 6 6

With permission from Allard MF, Taylor GP, Wilson JE, et al. Primary 
cardiac tumors. In: Goldhaber S, Braunwald E, eds. Atlas of Heart 
Diseases. Philadelphia: Current Medicine; 1995:15.1–15.22.

figure 63-1 Heart tumors. LA, left atrium; RV, right ventricular.
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Myxoma

Myxomas are the most common primary cardiac neoplasm, 
accounting for 50% of all benign cardiac tumors (Fig. 63-1). 
There is a female predominance of 2 : 1 to 3 : 1, and the median 
age of presentation is 50 years, although myxomas can occur at 
any age. Myxomas arise in the left atrium 75% of the time, 

usually on the interatrial septum near the fossa ovalis. Right 
atrial myxomas account for 20% of tumors (Fig. 63-2). 
The balance of myxomas occur in either ventricle and, in rare 
cases, on the cardiac valves. The majority of myxomas (>90%) 
are solitary.

An autosomal-dominant, familial myxoma syndrome, the 
Carney’s complex, has been described. Affected individuals 
demonstrate variable phenotypic expression but have in some 
form at least two of the main features: heavy facial freckling, 
endocrine hyperactivity (i.e., Cushing’s syndrome), both myxo-
matous and nonmyxomatous endocrine neoplasia, noncardiac 
myxomas (typically breast and skin), and cardiac myxomas. 
Cardiac myxomas associated with the Carney’s complex have an 
equal male-to-female ratio, occur at a younger age (mean age 
of diagnosis, 25 years), and are more likely to be multiple or 
ventricular and to recur after resection. Linkage analysis has 
mapped gene loci to 17q12–q13, 17q22–q24, and 2p16. Muta-
tions in the PRKAR1A gene, encoding a protein kinase A regula-
tory subunit, seem to be responsible for as many as 70% of cases 
of the Carney’s complex.

Myxomas originate from multipotent mesenchymal cells. 
Grossly, they are gelatinous, pedunculated tumors with an 
average size of 4 to 8 cm. The tumor surface may be friable or 
smooth. A smooth surface is associated with systemic signs and 
symptoms. Friable tumors are more likely to present with 
embolization.

CLINICAL PRESENTATION

Myxomas typically present with embolization, obstruction, and 
arrhythmia, but may also cause systemic signs and symptoms 
similar to those of collagen vascular disease, endocarditis,  

figure 63-2 Echocardiographic image of a right atrial tumor. 
At the time of resection, the tumor was found to 
be a myxoma. LA, left atrium; LV, left ventricle; 
MYX, myxoma; RA, right atrium; RV, right 
ventricle.

RV

Image courtesy of Dr. Alan Hinderliter.

LVRA

LA

MYX
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vasculitis, and malignant neoplasms. Typical signs and symp-
toms are fever, anorexia and weight loss, malaise, arthralgia, 
increased erythrocyte sedimentation rate and C-reactive protein, 
leukocytosis, thrombocytopenia, hypergammaglobulinemia, 
and anemia. The mechanism by which myxomas cause systemic 
manifestations is not fully understood; however, many myxomas 
produce interleukin-6, which leads to hepatic synthesis of acute-
phase reactants and subsequent systemic illness. These consti-
tutional symptoms usually resolve with resection of the tumor. 
In addition, antineutrophilic and antimyocardial antibodies may 
be found at presentation and then resolve with removal of the 
myxoma. It is unclear whether these antibodies play a pathologic 
role or are an incidental finding. Of these presentations, cardiac 
symptoms are the most common, followed equally by emboliza-
tion and constitutional symptoms.

The physical examination may direct the differential diagno-
sis toward myxoma. In the setting of left atrial tumors, ausculta-
tion may reveal a tumor “plop” that occurs in early diastole and 
is often confused with an S3 gallop. Mitral diastolic rumbles and 
mitral systolic murmurs may be present.

MANAgEMENT AND THERAPY

Optimum Treatment

Given the propensity of myxomas to cause serious, life- 
threatening complications, surgical resection should be per-
formed without delay. With thorough resection of the tumor, 
including a wide resection of the myocardium at the base of the 
tumor stalk, recurrence is rare. Patients with sporadic myxomas 
have a recurrence rate of 1%, whereas patients with familial 
myxoma syndrome have a 7% to 22% rate of recurrence or 
second myxoma. Recurrence is usually within the first 4 years 
after resection. Follow-up echocardiography is recommended 
for patients with Carney complex but may not be necessary  
following surgical resection of a sporadic myxoma, given the 
high cure rate.

Avoiding Treatment Errors

In persons with a short life expectancy and serious comorbid 
conditions, the morbidity of operative resection may outweigh 
the benefits. In these instances, it is prudent to initiate lifelong 
anticoagulation.

Lipoma

Lipomas are the second most common benign primary cardiac 
tumor. Lipomas can occur at any age and have no predilection 
to either sex. They are encapsulated tumors usually located  
in the epicardium or the myocardium, although endocardial 
tumors do occur. Most are small and asymptomatic, but they 
occasionally grow to massive proportions. Symptoms, when 
present, are usually referable to effusion or infiltration of the 
myocardium, with subsequent arrhythmia or conduction defect. 
Large, asymptomatic lipomas are sometimes found incidentally 
on the chest radiograph or during echocardiography. Similar to 
all cardiac tumors, symptomatic lipomas may necessitate at least 
partial resection.

Lipomatous hypertrophy warrants consideration, because 
the treatment is drastically different from that for the presence 
of a circumscribed lipoma. Lipomatous hypertrophy of the atrial 
septum is a relatively common non-neoplastic condition char-
acterized by massive fatty infiltration of the interatrial septum. 
This condition is found in obese persons 50 years or older—
typically older than 65 years. Septal thickening may be marked: 
up to 7 cm. Atrial tachyarrhythmias are common. The only 
effective therapy for lipomatous hypertrophy is weight loss.

Fibroma

Fibromas are tumors of childhood, occurring in the ventricular 
myocardium, often located in, or extending to, the intraven-
tricular septum. Symptoms result from involvement of the con-
duction system, which may lead to sudden death. Because the 
tumors are located in a crucial part of the myocardium, resection 
is usually not feasible. Cardiac transplantation may be the only 
treatment option.

Rhabdomyoma

Rhabdomyoma is the most common benign cardiac tumor  
type of infancy and childhood. Multiple tumors usually occur 
and appear within the ventricular myocardium, although some 
project into the ventricular cavity. One third of rhabdomyomas 
are associated with tuberous sclerosis. It is not uncommon for 
tumors to regress spontaneously; as a result, conservative man-
agement is generally recommended.

Papillary Fibroelastoma

Papillary fibroelastomas are the most common “tumors” of the 
cardiac valves. These are not truly neoplasms, but avascular 
growths resembling a sea anemone because of their frondlike 
arms around a central base of attachment. The pathogenesis of 
fibroelastomas is unknown. They may originate from endocar-
dial trauma and organization of thrombus. Formerly diagnosed 
only at autopsy, they are seen frequently during echocardiogra-
phy and may be confused with valvular vegetations. Fibroelas-
tomas occur most commonly on the ventricular surface of the 
aortic valve or on the atrial surface of the mitral valve. They are 
usually small (measured in millimeters), solitary, and mobile. 
Fibroelastomas usually do not cause valvular dysfunction but 
can be a source of embolization to the coronary or cerebral 
vasculature. Given this, patients should either undergo surgical 
removal of fibroelastomas or initiate lifelong anticoagulation to 
lessen the risk of embolic complications.

Pericardial Cysts

Also known as springwater cysts, these benign, non-neoplastic, 
congenital cysts are usually located in the right costophrenic 
angle outside the pericardial cavity. The diagnosis is usually 
made by an incidental finding of a mass on chest radiograph  
or echocardiograph. No intervention is recommended except  
in the rare case of symptomatic cysts that cause chest pains, 
dyspnea, cough, or tachycardia.



538 SECTION IX • Cardiac Considerations in Systemic Diseases and Special Circumstances

Primary malignanT  
CarDiaC Tumors

Approximately 25% of primary cardiac neoplasms are malig-
nant. A majority (95%) are sarcomas (Table 63-2). Lymphomas, 
though rare, represent most of the remaining primary tumors 
of the heart. The incidence of primary lymphoma may be 
increasing given the number of people with impaired cellular 
immunity from AIDS and organ transplantation.

Sarcoma

Sarcomas are aggressive tumors that present most commonly in 
the third to fifth decades of life with signs and symptoms of 
cardiac dysfunction from obstruction or myocardial infiltration. 
The most common sites of involvement, in descending order, 
are the right atrium, the left atrium, the right ventricle, the left 
ventricle, and the interventricular septum. Sarcomas grow 
quickly, and affected individuals usually have a rapidly downhill 
course. Death within a few weeks or months is typical; rarely do 
patients survive for a few years after diagnosis. Death is a result 
of heart failure from myocardial replacement by tumor, tumor 
obstruction, or distant metastasis. At the time of death, 75% of 
individuals have distant metastases; the lungs, thoracic lymph 
nodes, mediastinal structures, and vertebral column are the sites 
most commonly affected. Sarcomas derive from mesenchymal 
cells and therefore may present as subtypes. The two most 
common sarcomas are angiosarcoma and rhabdomyosarcoma.

Angiosarcoma, including Kaposi’s sarcoma, is the more 
common subtype. There is a 2 : 1 male predominance. Angio-
sarcomas typically arise in the right atrium. Malignant cells form 
vascular channels, and a continuous precordial murmur may be 
present. Death results from obstruction of the heart’s right side, 
either by tumor or thrombus, or from rupture of the sarcoma 
with hemopericardium and subsequent hemorrhagic tampon-
ade. Rhabdomyosarcomas have no chamber predilection and 
often involve multiple sites. Death is a result of obstruction or 
infiltration of the myocardium.

Table 63-2 Histologic Distribution of Primary 
Malignant Cardiac Tumors

Percentage of All Tumors

malignant Tumor adults Children

Angiosarcoma 33 0
Rhabdomyosarcoma 21 33
Mesothelioma 16 0
Fibrosarcoma 11 11
Lymphoma 6 0
Osteosarcoma 4 0
Thymoma 3 0
Neurogenic sarcoma 3 11
Leiomyosarcoma 1 0
Liposarcoma 1 0
Synovial sarcoma 1 0
Malignant teratoma 0 44

With permission from Allard MF, Taylor GP, Wilson JE, et al. Primary 
cardiac tumors. In: Goldhaber S, Braunwald E, eds. Atlas of Heart 
Diseases. Philadelphia: Current Medicine; 1995:15.1–15.22.

The prognosis for all morphologic subtypes of cardiac 
sarcoma is poor. Complete resection is the treatment of choice. 
The role of postoperative, adjuvant chemotherapy has not been 
proven. Unfortunately, resection is usually not an option, 
because the degree of cardiac involvement precludes adequate 
operative resection. The role of preoperative chemotherapy is 
not defined.

Lymphoma

Primary cardiac lymphomas are almost exclusively non- 
Hodgkin’s and usually are diffuse B-cell lymphomas. These 
constitute approximately 1% of all cardiac tumors and 0.5% of 
extranodal non-Hodgkin’s lymphomas. Cardiac lymphomas 
usually present with effusion, heart failure, or arrhythmia. 
Because these tumors typically are rapidly progressive, many 
patients die before initiation of chemotherapy. In recent studies, 
patients who survived to undergo standard therapy with CHOP 
(cyclophosphamide, doxorubicin, vincristine, prednisone) or an 
equivalent regimen still had a median survival of only 7 months, 
even though diffuse B-cell lymphomas are generally chemother-
apy-sensitive and are likely to respond to treatment, at least 
initially. However, immediately after initiation of chemother-
apy, tumor necrosis may cause death as a result of refractory 
heart failure and refractory ventricular tachycardia.

Pericardial Mesothelioma

Pericardial mesothelioma is a rare tumor that occurs in  
young people, presenting as constriction or pericardial effusion 
with or without tamponade. Primary cardiac mesotheliomas 
typically involve the parietal and the visceral pericardium,  
but usually do not invade the myocardium. Suspected links  
to asbestos exposure are insufficiently substantiated. Che-
motherapy and radiation therapy may give temporary improve-
ment in a palliative setting, but the disease is uniformly and  
rapidly fatal.

seConDary malignanT  
CarDiaC Tumors

Metastatic disease involving the heart is much more common 
than primary cardiac neoplasms. At autopsy 1% of unselected 
persons had secondary tumors of the heart. In comparison with 
primary cardiac neoplasms, which are rare but never clinically 
silent, only 10% of secondary tumors are symptomatic. The 
majority of symptomatic individuals have pericardial metastases. 
A diagnosis of cardiac metastasis should be considered when 
patients with known malignant neoplasms have any new onset 
of cardiac dysfunction (heart failure, arrhythmia, cardiomegaly, 
among others). Rarely, cardiac involvement, in the form of  
a large pericardial effusion, is the initial presentation of a  
malignant process.

Cancers that most commonly metastasize to the heart are 
lung cancer, breast cancer, lymphoma, and leukemia (Fig. 63-3). 
Lung and breast cancers involve the heart via local spread and 
subsequent infiltration of the pericardium, causing effusion and 
constriction. Lung cancer can invade the left side of the heart 
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figure 63-3 Metastatic tumors of the heart.

Multiple metastases of malignant 
melanoma to the heart

Metastasis of bronchial 
carcinoma to heart wall

Lymphangial spread of
metastatic bronchial carcinoma

through the pulmonary artery, and its adrenal metastases can 
invade the right side of the heart via the inferior vena cava. In 
myeloid leukemias, leukemic cells are seen on light microscopy 
infiltrating between myocytes. As a result, thrombocytopenic 
patients may experience fatal hemorrhages into the myocardium 
or the pericardial space. Non-Hodgkin’s lymphomas have a 
high rate of cardiac involvement—up to 25% of patients may 
have grossly visible epicardial or myocardial disease—but it is 
often clinically silent. Melanomas are rare and constitute a small 
portion of secondary cardiac tumors. However, for unknown 
reasons, melanoma has the highest rate (~50%) of cardiac 
metastasis. It may involve any site and is often present in all four 
chambers of the heart. Most cancers, with the exception of 
primary central nervous system malignant neoplasms, can 
metastasize to the heart; therefore, cardiac involvement should 
be considered if consistent symptoms arise.

managemenT anD TheraPy

Optimum Therapy

Advances in echocardiography and surgical technique have 
allowed for prompt diagnosis and safe, curative operative 

intervention for most benign tumors. Unfortunately, malignant 
disease of the heart is largely a fatal disease, since resection  
for cure is typically not feasible. In addition, with the exception 
of lymphoma, most primary cardiac tumors are not sensitive  
to chemotherapy or radiation therapy. As such, chemotherapy 
and radiation largely serve as temporary palliative measures. 
Cardiac transplantation has been suggested as an alternative 
curative method for benign tumors in critical locations that 
preclude resection and for unresectable malignant disease 
without evidence of metastasis. Micrometastatic disease is a 
valid concern, however, given the suppression of cell-mediated 
immunity that must follow cardiac transplantation. In children 
with inoperable benign tumors, transplantation is probably the 
only option.

Avoiding Treatment Errors

As with all malignancies, it is critical to obtain a proper diagnosis 
before initiating treatment, since the chemotherapeutics used 
differ greatly between sarcomas and lymphomas. Given the 
complicated management of primary cardiac neoplasms, treat-
ment should be undertaken at a tertiary care center by a multi-
disciplinary team consisting of a cardiac surgeon, a cardiologist, 
and a medical oncologist.

fuTure DireCTions

Successes in the treatment of cardiac tumors have stemmed 
from advances in modern imaging and surgical techniques. 
Cardiac transplantation is a compelling treatment method in  
the young and healthy. Demand already significantly outstrips 
the supply of organs, however, and transplantation is unlikely 
to become a prevalent solution. Future progress in the realm of 
cardiac tumors will probably come from our increasing knowl-
edge about the molecular and genetic pathology of this diverse 
group of neoplasms. Recent identification of gene loci impli-
cated as causative in the Carney complex may lead to genetic 
testing. Affected family members could be identified early and 
receive targeted surveillance and treatment before complica-
tions arise. Drugs designed to target specific cell-surface markers 
and proteins within tumors have had excellent early success in 
other neoplasms—most notably the tyrosine kinase inhibitor 
imatinib used to treat chronic myelogenous leukemia. As 
researchers develop a better understanding of the molecular 
derangements of these tumors, similar targeted, tumor-specific 
therapy may become available.
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Pulmonary Hypertension and 
Thromboembolic Disease

Timothy C. Nichols and Thomas R. Griggs

U nder normal conditions, the arterial pressure in the pul-
monary vasculature is much lower than the systemic arte-

rial blood pressure, even though the volume of blood flow 
through the pulmonary vasculature equals the volume of blood 
flow through the peripheral vasculature. This reflects, to a major 
degree, the large cross-sectional area of the pulmonary capillary 
bed and the ability of small pulmonary vessels to respond to 
numerous vasodilatory and vasoconstrictive influences. The  
pulmonary vascular system has enormous reserve, so major chal-
lenges, such as surgical excision of lung tissue or advanced pul-
monary disease, are usually tolerated with minimal symptoms. 
However, when the pulmonary circuit is suddenly occluded,  
as with a massive pulmonary thromboembolism (PE), or when 
chronic disease overwhelms the anatomic and physiologic 
reserve, with resulting pulmonary hypertension, severe disabil-
ity and/or death can result.

Pulmonary HyPerTension

Etiology and Pathogenesis

Pulmonary artery pressure (PAP), the pressure that must be 
sustained by the right ventricle, is equal to pulmonary flow  
(PF) times pulmonary vascular resistance (PVR) plus pulmonary 
venous pressure (PVP) [PAP = (PF × PVR) + PVP]. Normal 
PAP in systole is 18 to 25 mm Hg, and mean PAP is 12 to 
16 mm Hg. The normal PVP is approximately 6 to 10 mm Hg, 
giving a total pressure gradient that averages approximately 
5 mm Hg.

A complicated array of physiologic and pathologic responses 
to perturbations of any of these variables will cause changes in 
the others. For this reason, the underlying cause of end-stage 
pulmonary hypertension in an individual patient may be difficult 
to determine. For instance, chronically elevated pulmonary flow 
caused by systemic arterial-venous shunting will lead to increased 
PVR that requires concomitantly greater increases in PAP for 
maintenance of blood flow. In another example, chronically 
elevated left atrial pressures due to mitral stenosis create a 
requirement for increased PAP. However, over time, PVR 
increases in patients with mitral stenosis by yet unknown mech-
anisms and can lead to persistent pulmonary artery hypertension 
even after the mitral stenosis is relieved.

Pulmonary artery hypertension can therefore be secondary 
to many diseases. Some of these can be treated with the reversal 
or slowing of pulmonary artery hypertension progression. Addi-
tionally, an important minority of patients has pulmonary artery 
hypertension as a primary disease with no identifiable cause. 
Therefore, in approaching the patient presenting with pulmo-
nary artery hypertension, the optimal approach is to character-
ize pulmonary hemodynamics and use the data obtained to 
aggressively search for treatable underlying causes and for 

manageable elements of the pathophysiology. Critical in this 
responsibility is to recognize and address pulmonary artery 
hypertension as early as possible.

An expert committee of the World Health Organization  
has created a comprehensive diagnostic classification of pulmo-
nary hypertension (Box 64-1). Of the many potential causes 
of pulmonary hypertension, the World Health Organization  
classification group 1—which includes idiopathic pulmonary 
artery hypertension (IPAH) and familial pulmonary artery 
hypertension (FPAH), diseases formerly referred to as “primary 
pulmonary hypertension”—merits special consideration. These 
diseases, characterized by proliferative and necrotic obliteration 
of the pulmonary microvasculature, are clinically indistinguish-
able except for family history. Both are devastating, despite 
advances in our understanding of their causes and treatment. 
Unlike the situation for many other causes of pulmonary hyper-
tension, there are no reversible structural factors that can be 
addressed for individuals with IPAH and FPAH.

Clinical Presentation

Symptoms of pulmonary hypertension are common to multiple 
etiologies. Most patients with mild or moderate pulmonary 
hypertension are asymptomatic. Initial symptoms may be 
dyspnea with exertion, fatigue, and exertional intolerance. Many 
patients experience chest pain. Syncope suggests severe pulmo-
nary hypertension with marked limitation of flow reserve. 
Hemoptysis is not common, but in some patients it is serious 
and fatal. Clinical presentation depends in part on the chronicity 
of the process. Adaptive changes in the right ventricle allow 
patients with chronic pulmonary hypertension to sustain near-
systemic levels of pressures with minimal symptomatic effects. 
However, acute increases in pulmonary pressure, as with massive 
PE, cause immediate overt distress and, in many cases, collapse 
and death (Fig. 64-1).

Two keys to the diagnosis of pulmonary hypertension are a 
high degree of suspicion raised by the clinical history and physi-
cal findings that suggest right ventricular (RV) failure and sys-
temic congestion (see also Chapter 1). Increased PAPs are 
reflected in elevated RV systolic and, later, diastolic pressures. 
Because of chronically elevated RV systolic and diastolic pres-
sure, the geometry of the right ventricle is altered, usually suf-
ficiently to render the tricuspid valve incompetent. Tricuspid 
regurgitation creates a prominent v wave in the jugular venous 
pulse. Generally, the jugular venous pressure will be increased 
substantially in these patients, with filling of the deep neck veins 
above the clavicle visible with the patient sitting upright. Sig-
nificant tricuspid regurgitation can also often be appreciated  
as pulsation of the liver. Less common and subtler physical  
findings with pulmonary hypertension are an RV precordial 
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Box 64-1 2003 World Health Organization 
Classification of Pulmonary Hypertension

Pulmonary artery Hypertension

Idiopathic pulmonary hypertension
Familial pulmonary hypertension

• Collagen vascular disease
• Congenital systemic-to-pulmonary shunts
• Hepatic portal vein hypertension
• HIV infection
• Drugs and toxins
• Others

Associated with venous or capillary involvement

• Pulmonary veno-occlusive disease
• Pulmonary capillary hemangiomatosis

Pulmonary Venous Hypertension

Left atrial, left ventricular, aortic valve, and mitral valve 
disease

Cor triatriatum
Left atrial myxoma

Pulmonary Hypertension associated  
with Hypoxemia

Chronic obstructive lung disease
Interstitial lung disease
Sleep-disordered breathing
Alveolar hypoventilation disorders
Chronic exposure to high altitude

Pulmonary arterial Hypertension due to Chronic 
Thrombotic or embolic Disease

Miscellaneous

• Sarcoidosis
• Compression of pulmonary vessels
• Sickle cell disease
• Others

Adapted from Rubin LJ. Diagnosis and management of pulmonary 
arterial hypertension: ACCP evidence-based practice guidelines. 
Chest. 2004;126:7S–10S.

heave, an RV third heart sound, and increased intensity of the 
pulmonic component of the second heart sound.

Differential Diagnosis

Among numerous causes of pulmonary hypertension, the most 
common are chronic left ventricular dysfunction with or without 
valve disease and chronic lung diseases (see Box 64-1). These 
are usually recognized by history, and treatment is focused on 
the primary disease. All potential causes of secondary pulmonary 
hypertension should be excluded before a diagnosis of IPAH or 
FPAH is considered.

Diagnostic Approach

Table 64-1 lists the diagnostic tests and potential findings in 
the evaluation of patients with suspected pulmonary hyperten-
sion. Critical information on the degree and possible cause of 

pulmonary hypertension can be gained from a transthoracic 
echocardiogram. PAP can be estimated from the Doppler-
derived velocity of tricuspid regurgitation and from the degree 
of RV dilation and hypertrophy. Echocardiography also pro-
vides data on left ventricular function, mitral valve structure and  
function, and the existence of an intracardiac shunt, all clues to 
the possibility that the pulmonary hypertension is an effect of 
cardiac disease.

Information about primary pulmonary disease must also be 
pursued as a potential cause for pulmonary hypertension. Pul-
monary function testing provides information on parenchymal 
and functional lung diseases. Ventilation/perfusion (V/Q) scans 
are useful in excluding chronic PE as the underlying etiology 
for pulmonary hypertension. The need to document thrombo-
embolism is so critical to treatment and survival that pulmonary 
angiography must be considered for every patient with other-
wise undiagnosed pulmonary hypertension. However, particu-
larly in patients with severe pulmonary hypertension, pulmonary 
angiography presents an increased risk of morbidity and death. 
For this reason, pulmonary angiography in this setting should 
be performed in a center and by an operator with experience in 
dealing with these patients.

Evaluation by teams experienced with pulmonary hyperten-
sion should always be considered for patients who have disease 
that evades diagnosis by noninvasive means. For most of these 
patients diagnosed as having IPAH or FPAH, the prognosis is 
grave and survival depends on sophisticated evaluation and man-
agement. Key to this evaluation are the levels of pulmonary 
hypertension and PVR and documentation of the effects of 
vasodilators on PVR and PAP. Testing the effect of vasodilators 
on PVR is accomplished in part by right-sided heart catheteriza-
tion. Response to acute vasodilators such as nitric oxide, adeno-
sine, and epoprostenol is associated with subsequent response 
to long-term therapy with various drugs (Table 64-2). The 
desired response to a vasodilator challenge is reduction of PAP, 
with associated increases in cardiac output but without systemic 
hypotension or hypoxemia.

Management and Therapy

The severity of pulmonary hypertension and the patient’s degree 
of functional limitation are accurate predictors of prognosis. 
Pulmonary hypertension most often is a progressive disease, 
particularly in individuals with IPAH and FPAH in whom their 
disease virtually always leads to death.

OPTIMuM TREATMENT

Several important decisions must be made when the diagnosis 
of either IPAH or FPAH is confirmed. First, warfarin antico-
agulation is recommended for all patients without contraindica-
tions, because it doubles survival time. A second important 
consideration is whether genetic testing should be performed 
on the patient and at-risk relatives. The known mutations  
associated with familial causes of pulmonary hypertension are 
transmitted in an autosomal-dominant fashion, meaning that 
first-degree relatives have a 50% risk of carrying the causative 
mutation. Penetrance is generally incomplete, and overall a  
penetrance rate of 20% has been reported. Thus, the chance of 

HIV, human immunodeficiency virus.
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Figure 64-1 Massive pulmonary embolization. RPA, right pulmonary artery.

aVR aVL aVF V1III

I II

V2 V3 V4 V6V5

X-ray film showing dense
shadow of the RPA
with increased
luminescence of
peripheral lung fields

Saddle embolus completely occluding the RPA
and partially obstructing main and left arteries

Characteristic electrocardiographic findings in acute pulmonary embolism.
Deep S1; prominent Q3 with inversion of T3; depression of ST segment in
lead II (often also in lead I) with staircase ascent of ST2; T2 diphasic or
inverted; right-axis deviation; tachycardia

Table 64-1 Evaluation of Patients with Suspected Pulmonary Hypertension

Diagnostic Test Potential Findings

Electrocardiography P pulmonale (P wave in lead II greater than 3 mV)
Right-axis deviation
R wave greater than S wave in lead V1

Chest radiography Enlarged pulmonary arteries
RV enlargement
Parenchymal lung disease
Skeletal abnormalities

Echocardiography PAP estimated by TR velocity
RV hypertrophy
RV enlargement
LV function/LA size
Valvular disease
Imaging to detect ASD or VSD

Pulmonary function testing with ABG COPD
Restrictive lung disease
Hypoventilation

Ventilation/perfusion lung scan, CT angiogram (MRI in 
special cases) 

PA angiography

To diagnose or exclude pulmonary embolism

For further evaluation of indeterminate lung scan to exclude 
thromboembolism

Cardiac catheterization Pressure determinations at rest and after inhalation of 100% oxygen
Pulmonary wedge pressure
Response to vasodilators

ABG, arterial blood gas; ASD, atrioventricular septal defect; COPD, chronic obstructive pulmonary disease; CT, computed tomography; PA, 
pulmonary artery; PAP, pulmonary artery pressure; LA, left atrial; LV, left ventricular; MRI, magnetic resonance imaging; RV, right ventricular;  
TR, tricuspid regurgitation; VSD, ventricular septal defect.
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Table 64-2 Approved Treatments for Pulmonary Artery Hypertension and Their Common Side Effects

Drug  
and year 
approved Drug Class

route of 
administration Doses Frequency

Common side 
effects Comments

Epoprostenol 
(Flolan), 
1995

Prostaglandins IV Initiate 1–2 ng/
kg/min IV and 
titrate to 
efficacy and 
side effects.

Continuous IV Central venous 
catheter 
infection and 
malfunction; side 
effects related to 
prostacyclin*

Therapy complicated, and 
it is recommended that 
patients be referred to 
PAH treating centers for 
initiation and 
management; effective in 
patients with severe PAH 
and RHF; agent most 
frequently used as rescue 
therapy; long-term 
survival data available

Bosentan 
(Tracleer), 
2001

ERA PO 62.5 and 125 mg BID Decrease in 
hematocrit and 
hemoglobin; 
headache, 
hepatotoxicity, 
hypotension, 
peripheral edema

Need LFTs checked 
monthly, hematocrit, 
hemoglobin every 3 
months; contraindicated 
with cyclosporine and 
glyburide, decreases 
effectiveness of oral 
hormonal contraceptives; 
drug interaction with 
sildenafil; long-term 
observational survival 
data available

Treprostinil 
(Remodulin 
SC), 2002

Prostaglandins SC Initiate 1.25–
2.5 ng/kg/min 
SC; can reduce 
to 0.625 ng/kg/
min if not 
tolerated.

Continuous SC Injection site pain 
and erythema; 
side effects 
related to 
prostacyclin*

Effective for PAH, but site 
pain can affect majority 
of patients; experienced 
centers have reported 
successful outcome in 
managing patients with 
site pain issues; long-
term survival data 
available

Trepostinil 
(Remodulin 
IV), 2004

Prostaglandins IV Initiate 1.25–
2.5 ng/kg/min 
IV; can reduce 
to 0.625 ng/kg/
min if not 
tolerated.

Continuous IV Central venous 
catheter 
infection and 
malfunction; leg 
pain; side effects 
related to 
prostacyclin*

Therapy less complicated 
to manage than Flolan; 
need higher dose than 
Flolan for transitioning 
patients to achieve 
similar efficacy; long-
term data not yet 
available

Iloprost 
(Ventavis), 
2004

Prostaglandins Inhaled 2.5 and 5 µg 6–9 inhala-
tions per 
day while 
awake; not 
more than 
q2hr

Cough, flushing, 
headache, 
hypotension, 
nausea, transient 
jaw pain

Selective delivery of 
prostacyclin into lungs; 
compliance can be an 
issue with need for 
frequent treatments; 
good as combination 
treatment with oral 
therapies

Sildenafil 
(Revatio), 
2005

PDE-5 Inhibitor PO 20 mg TID Diarrhea, epistaxis, 
flushing, 
headache

Contraindicated with 
nitrates; some patients 
may require increased 
dose titration.

Doses >20 mg TID are not 
recommended.

Ambrisentan 
(Letairis), 
2007

ERA PO 5 and 10 mg QD Headache, nasal 
congestion, 
peripheral 
edema, sinusitis

Need LFTs checked 
monthly but less 
incidence of LFT 
abnormality compared 
with other ERAs; more 
reported incidence of 
edema compared with 
other ERAs; decreases 
effectiveness of oral 
hormonal contraceptives; 
no drug interaction 
observed in combined 
treatment with sildenafil

Adapted from Park MH. Advances in diagnosis and treatment in patients with pulmonary arterial hypertension. Catheter Cardiovasc Interv. 
2008;71:205–213, with permission from John Wiley & Sons.

BID, twice a day; ERA, endothelin receptor antagonist; IV, intravenous; LFTs, liver function tests; PAH, pulmonary artery hypertension; PDE-5 
inhibitor, phosphodiesterase-5 inhibitor; PO, orally; QD, every day; RHF, right heart failure; SC, subcutaneous; TID, three times a day.

* Side effects related to prostacyclin include chest pain, diarrhea, dizziness, flushing, headache, hypotension, jaw pain, nausea, and tachycardia.
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Figure 64-2 Deep venous thrombosis. ADP, adenosine diphosphate; IIa, thrombin A (activated coagulation factor II) or prothrombin.
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a first-degree relative developing pulmonary hypertension is 
10% (50% × 0.20 = 10%). Testing can be helpful if potential 
family members at risk would benefit from early diagnosis,  
but appropriate genetic counseling must be available if testing 
is done. A summary of laboratories performing genetic testing 
for the currently identified mutations is described in Additional 
Resources. The third decision is whether to use medications  
to lower PAP. The currently available drugs, drug profiles,  
and drugs for which there are data on improvement in survival 
are listed in Table 64-2. Patients who respond to calcium 
channel blockers have a 95% survival rate at 5 years. Because 
treatment is complicated and requires a team approach, it is 
recommended that these patients be referred to a center with 
substantial clinical experience treating patients with pulmonary 
hypertension.

Despite improved survival rates with anticoagulants, vasodi-
lators, and other drug therapies, a large subset of patients has 
no improvement in hemodynamic parameters or symptoms. 
These patients are candidates for lung or heart-lung transplan-
tation. The post-transplantation mortality rates for patients 
with severe pulmonary hypertension are higher than the rates 
for patients who undergo organ transplantation for other 
reasons. The 1-year survival rate for those with pulmonary 
hypertension is approximately 65%.

Individuals with pulmonary hypertension caused by chronic 
PE constitute an important subset of patients. These patients 
benefit from pulmonary thromboendarterectomy followed by 
long-term anticoagulant therapy.

Pulmonary THromBoemBolism

Etiology and Pathogenesis

PE occurs when thrombi migrate from the deep veins of the 
legs through the right side of the heart into the pulmonary 
arteries. The fundamental pathophysiologic mechanisms all 
favor thrombosis in peripheral veins. These may involve one or 
a combination of factors, including venous stasis, hypercoagu-
lability, and vessel wall injury. These three factors are termed 
Virchow’s triad. Inflammation is now also considered an inherent 
part of this syndrome. Stasis and turbulence around venous 
valves promote platelet deposition, platelet aggregation,  
and formation of a fibrin thrombus. The thrombi formed 
include entrapped red blood cells, giving the thrombus a deep 
red color. Pulmonary thrombi, when recovered intact from  
the lungs at autopsy, most often are a “cast” of the peripheral 
vein, complete with the impressions formed by the venous valves 
(Fig. 64-2).
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Figure 64-3 Pulmonary embolism of lesser degree without 
infarction.
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Clinical Presentation

PE should be suspected in patients with acute dyspnea, chest 
pain, syncope, or hemoptysis. Patients may also present in  
cardiovascular crisis with hypotension, shock, mental status 
changes, or cardiac arrest. Death within minutes to hours 
occurs in approximately 30% of cases. Risk factors that rein-
force clinical evidence of PE include advanced age, immobili-
zation, and a history of recent surgery, malignant neoplasms, 
and prior thromboembolic disease. Recent travel, obesity, 
pregnancy, and a family history of thrombosis are also clues. In 
some seriously ill or debilitated patients, the presentation may 
be subtle, with events such as mental status changes, fever, or 
otherwise unexplained hypoxemia leading ultimately to the 
diagnosis.

Differential Diagnosis

Acute and chronic PE can mimic pulmonary artery hyperten-
sion; thus, the differential diagnoses for these disorders overlap. 
Pneumonia, acute heart failure, myocardial infarction, pericar-
ditis, aortic dissection or rupture, esophageal rupture, and 
pleural disease must be considered.

Diagnostic Approach

Patients who present with a high clinical probability of acute 
PE and any evidence of hemodynamic compromise, including 
sinus tachycardia or mild hypoxemia, must be treated immedi-
ately with intravenous heparin, unless there is a contraindica-
tion. Diagnostic tests can then be done to provide definitive 
proof of presence or absence of PE or deep vein thrombosis 
(DVT). Furthermore, patients who present with hemodynamic 
or pulmonary compromise must be stabilized with oxygen 
therapy and ventilatory and vasopressor support as needed.

A large number of approaches to diagnosis of PE have  
developed, including several based upon sophisticated imaging 
techniques. However, there is as yet no single noninvasive test 
with perfect sensitivity and specificity for PE in every patient. 
The gold standard for PE diagnosis is pulmonary arteriography. 
This invasive procedure involves placement of a catheter into 
the pulmonary artery and injection of a contrast medium (Fig. 
64-3). The technical and logistical challenge and perceived 
risk of the procedure have prevented its wide application for 
diagnostic screening.

The current and best approach to diagnosis of PE, there-
fore, enhances the technical information from tests by first 
classifying individual patients according to a formal analysis of 
pre-test probability. An expert panel supported by the Ameri-
can College of Physicians and the American Academy of Family 
Physicians has outlined this process in guidelines published  
in 2007.

The initial diagnostic intervention, therefore, is the use of a 
validated clinical prediction instrument to estimate the patient’s 
pre-test probability of either DVT or PE (Figs. 64-4 and 64-5). 
The “Wells Prediction Rules” are recommended by the guide-
lines (Table 64-3). Upon the establishment of estimated pre-test 
probability, the remainder of the evaluation continues and is 
based upon appropriate testing.
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Figure 64-4 Algorithm for patients with suspected high-risk pulmonary thromboembolism (PE). CT, computed tomorgraphy; 
RV, right ventricular. *CT is considered not immediately available if the critical condition of a patient allows only 
bedside diagnostic tests. †Transoesophageal echocardiography may detect thrombi in the pulmonary arteries in 
a significant proportion of patients with RV overload and PE that is ultimately confirmed by multidectector  
CT; confirmation of DVT with bedside Compression ultrasonography of leg veins might also help in decision-making. 
Adapted from Torbicki A, Perrier A, Konstantinides S, et al. Guidelines on the diagnosis and management of acute 
pulmonary embolism: the Task Force for the Diagnosis and Management of Acute Pulmonary Embolism of the European 
Society of Cardiology (ESC). Eur Heart J. 2008;29:2276–2315.
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A reasonable diagnostic algorithm using this approach was 
validated in the Christopher Study of 3306 patients with sus-
pected PE (Table 64-4). This group used a modification of the 
Wells Rules whereby they classified patients as “PE unlikely” if 
the score was 4 or lower and “PE likely” if the score was greater 
than 4. The algorithm used this modified Wells score, d-dimer 
testing, and either single-detector row or multidetector row CT 
to determine the indication for treatment or no treatment for 
PE. The results showed a low risk of venous thromboembolism 
in patients not treated based upon the algorithm (1.3% in 3 
months). By protocol, patients with a modified Wells score sug-
gesting “PE unlikely” and d-dimer levels less than 500 ng/mL 
did not undergo CT and were not treated with anticoagulation. 
In this large group (N = 1028), there were five late events, four 
PEs, and one DVT.

Other diagnostic tests may also be useful in selected circum-
stances. In the acute setting, the traditional initial diagnostic 
tests are ECG and chest radiography. Although neither is diag-
nostic of acute PE, both can yield clues to the astute clinician. 
Classic changes of acute massive pulmonary embolism on ECG 
are sinus tachycardia, right-axis deviation, and new incomplete 
right bundle branch block, producing a pattern sometimes 
described as “S1-Q3-T3” (see Fig. 64-1, right). Unfortunately, 
this pattern is noted in a minority of patients with documented 
PE. More commonly, the ECG shows only nonspecific ST- and 
T-wave changes or is normal. Chest films in patients with acute 
PE may be normal or show atelectatic segments and patchy 

infiltrates. Rarely, pleural-based infiltrates associated with pul-
monary infarction are documented.

Transthoracic echocardiography can demonstrate RV hypo-
kinesis and dilation and can be a rapid, noninvasive way to 
heighten the suspicion of acute PE. Doppler measures of tricus-
pid regurgitant velocity are reliable estimates of pulmonary sys-
tolic pressure (see also Chapter 6). These data help establish the 
hemodynamic effects of acute PE. Rarely, a thrombus in transit 
in the right ventricle can be imaged. However, there are many 
causes of RV dysfunction and tricuspid regurgitation other than 
PE, and, conversely, echocardiograms may be normal in patients 
with small emboli.

The most long-standing imaging procedure for suspected PE 
is V/Q lung scanning, but this technique is most useful in a 
minority of patients. The consensus in most of the literature is 
that normal lung scan results essentially exclude the diagnosis 
of PE. Unfortunately, PE is commonly a complication of other 
disease processes affecting the lungs, meaning that few ventila-
tion scans are normal in those patients evaluated. Therefore, in 
only a minority of patients with suspicious clinical presentation 
but no PE is the V/Q scan normal. Scans that show multiple 
segmental or lobar defects in flow with normal ventilation,  
on the other hand, reflect PE in 85% to 90% of cases (with  
PE documented subsequently by pulmonary angiography). 
However, scans of many patients with suspected PE are  
neither normal nor high probability. These intermediate, or 
indeterminate, probability scans are not diagnostic and must be 
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Figure 64-5 Algorithm for patients with suspected non-high-risk pulmonary embolism. Two alternative classification schemes may 
be used to assess clinical probability: a three-level scheme (clinical probability low, intermediate, or high) or a two-
level scheme (PE unlikely or PE likely). When using a moderately sensitive assay, d-dimer measurement should be 
restricted to patients with a low clinical probability or a “PE unlikely” classification, while highly sensitive assays may 
be used in patients with a low or intermediate clinical probability of PE. Plasma d-dimer measurement is of limited use 
in suspected PE occurring in hospitalized patients. CT, computed tomography; PE, pulmonary thromboembolism.  
*Anticoagulant treatment for PE.  †CT is considered diagnostic of PE if the most proximal thrombus is at least 
segmental. ‡If single-detector CT is negative, a negative proximal lower limb venous compression ultrasonography is 
required in order to safely exclude PE; if multidetector CT is negative in patients with high clinical probability, further 
investigation may be considered before withholding PE-specific treatment. Adapted from Torbicki A, Perrier A, 
Konstantinides S, et al. Guidelines on the diagnosis and management of acute pulmonary embolism: the Task Force for 
the Diagnosis and Management of Acute Pulmonary Embolism of the European Society of Cardiology (ESC). Eur Heart J. 
2008;29:2276–2315.
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Table 64-3 Variables used to Determine Patient 
Pre-Test Probability for Pulmonary 
Embolism*

Variable Value

Clinical signs and symptoms of DVT 3.0 points
PE more likely than an alternate diagnosis 3.0 points
Heart rate greater than 100 beats/min 1.5 points
Immobilization or history of surgery in the 

previous 4 weeks
1.5 points

Previous DVT or PE 1.5 points
Hemoptysis 1.0 point
Malignant neoplasm (at treatment, treated in 

the last 6 months, or palliative)
1.0 point

With permission from Rodger M, Wells PS. Pulmonary embolism. 
Thromb Res. 2001;103:V225–V238.

DVT, deep vein thrombosis; PE, pulmonary embolism.

* Low probability, <2.0 points; moderate probability, 2.0–6.0 points; 
high probability, >6.0 points.

Table 64-4 Decision Matrix for Patients with Suspected Pulmonary Embolism

d-Dimer negative d-Dimer Positive CT negative CT Positive

Wells score ≤ 4
“PE unlikely”

No CT
No treatment

CT No treatment Treatment

Wells score > 4
“PE likely”

CT CT No treatment Treatment

Approach taken from Writing Group for the Christopher Study Investigators. Effectiveness of managing suspected pulmonary embolism using 
an algorithm combining clinical probability, d-dimer testing, and computed tomography. JAMA. 2006;295:172–179.

CT, computed tomography; PE, pulmonary embolism.

supplemented to confirm or exclude PE. A highly specific diag-
nosis is necessary, because the only alternative is empiric treat-
ment with full anticoagulation, a treatment that carries the risk 
of serious complications.

The place for V/Q scanning in evaluation of suspected PE 
has been challenged by contrast-enhanced spiral CT of the 
chest. Spiral CT is highly sensitive for emboli in the proximal 
pulmonary arteries and large branches; however, emboli in 
small, distal arteries are not reliably detected. Hence, the sensi-
tivity of CT varies. Nonetheless, CT has gained widespread 
acceptance because it has a much higher degree of specificity 
than V/Q scanning, reliably demonstrates the large emboli that 
are probably the most clinically important, and can document 
an array of alternate diagnostic possibilities. Moreover, CT 
scans are generally available more quickly and can be more 
easily interpreted than V/Q scans. MRI scans may be useful in 
the diagnosis when reducing exposure to radiation is of para-
mount importance (e.g., pregnancy).

Another alternative is the use of venous ultrasound imaging 
of the leg. This approach is based on the knowledge that  
virtually all large PEs originate in the deep veins of the legs. 
When spiral CT or lung scans suggest low probability of PE 
and ultrasound studies repeated serially over a 2-week period 
remain negative, the risk of recurrent PE is so low as to justify 
withholding anticoagulation. Unfortunately, this approach is 

inconvenient and costly, and for this reason it is used routinely 
in only a few centers.

d-dimer, a degradation product of cross-linked fibrin mea-
sured in blood, is a sensitive marker for thrombosis. However, 
the test also represents “acute-phase reactivity,” as found in 
many disease states other than PE. A negative d-dimer assay 
result is useful in clinically low-risk patients who have a low 
pre-test probability—reliably predicting the absence of PE. 
Even in patients with a high pre-test probability, a negative d-
dimer test result has only a 64% negative predictive value. 
Because the sensitivity and specificity of each of these tests are 
imperfect, the concept of pre-test probability is critical (see also 
Chapter 1).

Management and Therapy

The goals in treating PE are to stabilize critically affected 
patients and then prevent recurrence of emboli by treating the 
underlying venous thrombosis. Patients with hypotension, 
shock, cardiac arrest, or refractory hypoxemia may require ino-
tropic support and mechanical ventilation. In this subset of 
unstable patients, thrombolysis may be lifesaving. Although 
multicenter studies have shown a mortality benefit for throm-
bolytic therapy in unstable patients, no such benefit is seen (in 
comparison with conventional therapy using heparin; see later 
discussion) in stable patients with PE. Patients with refractory 
shock or hypoxemia who do not respond to thrombolysis, or 
who have contraindications to thrombolytic therapy but not 
surgery, are candidates for surgical thrombectomy. Because the 
mortality rate is high, surgical thrombectomy is a consideration 
for only the highest-risk patients. Percutaneous catheter suction 
or dislodgement of massive proximal emboli may be other 
options, although no randomized studies using these approaches 
have been conducted.

OPTIMuM TREATMENT

Fortunately, most patients who survive the first few minutes 
after PE are relatively stable and can be evaluated and managed 
in a deliberate manner. The accepted treatment initially or  
after thrombolysis is heparin. Unfractionated heparin or low-
molecular-weight heparin should be started when the diagnosis 
is considered, assuming there are no serious contraindications, 
such as active bleeding; history of recent surgery, stroke, 
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intracranial malignancy, or documented heparin-associated 
thrombocytopenia. Contraindications to thrombolytic therapy 
for patients with PE are the same as those for acute myocardial 
infarction (see Chapter 14). The dose of unfractionated heparin 
should be adjusted for weight with an initial bolus of 80 U/kg 
followed by an infusion of 18 U/kg/hr by intravenous infusion 
(dosing may vary between institutions and clinical laboratories). 
Subsequent adjustments should be made to achieve an activated 
partial thromboplastin time of 1.5 to 2.5 times control or to a 
plasma heparin level of 0.3 to 0.7 IU/mL anti-Xa activity. Use 
of low-molecular-weight heparin is increasingly popular because 
of its ease of administration, reduced laboratory costs, and 
reduced propensity to precipitate thrombocytopenia. Regard-
less of the type of heparin used, the administration should be 
aggressively managed, because inadequate doses are associated 
with increased recurrence of PE. Heparin-associated thrombo-
cytopenia is a potentially serious complication of heparin 
therapy. Platelet counts of all patients on heparin should be 
monitored frequently (at baseline, within 24 hours of initiation, 
and then every other day or every third day thereafter, depend-
ing on the individual physician practice standards) to surveil for 
heparin-induced thrombocytopenia with or without thrombo-
sis. If suspected, all sources of heparin should be discontinued 
and direct inhibitors of thrombin, such as argatroban or lepiru-
din, can be initiated.

Heparin administration should continue for a minimum of  
5 days after the initiation of warfarin therapy. This allows time 
for adequate reduction of the plasma procoagulant factors  
II, VII, IX, and X and prevents the state of thrombophilia  
that occurs early after initiation of warfarin therapy when  
the anticoagulant factors S and C are reduced more quickly  
than the procoagulant factors. The intensity of warfarin therapy 
should be sufficient to prolong the prothrombin time interna-
tional normalization ratio to 2 to 3. Treatment duration  
is individualized but should continue for a minimum of 3  
months in all patients until possible precipitating issues  
have resolved.

Placement of an inferior vena cava filter device should be 
considered in several settings. These devices can be used in 
patients with absolute contraindications to anticoagulation, 
either at the time of initial therapy or thereafter. In addition, 
inferior vena cava filters reduce the likelihood of recurrent  
PE in patients who are undergoing adequate anticoagulation or 
who have had multiple PEs over time.

aVoiDing TreaTmenT errors

Major pitfalls in management of patients with pulmonary artery 
hypertension and PE occur with the initial clinical assessment. 
Both conditions have protean presentations that challenge even 
the most alert clinician. With pulmonary artery hypertension, 
minor symptoms at presentation can delay critical early therapy. 
Treatment of PE requires anticoagulant medications that  
are difficult to administer. Careful attention is required to guar-
antee adequate anticoagulation without unnecessary risk of 
bleeding. Platelet count during heparin therapy must be care-
fully monitored.

FuTure DireCTions

The discovery that mutations in the bone morphogenic receptor 
II gene are associated with FPAH has increased understanding 
of the disease’s familial transmission. This protein probably also 
has a role in nonfamilial causes of pulmonary artery hyperten-
sion. Basic studies of vascular biology will continue to bring new 
therapies for safer and more convenient treatment of pulmonary 
hypertension.

For thromboembolism, the challenge is improvement  
of prevention and detection of DVT in populations at 
increased risk. Diagnostic testing for PE will improve as expe-
rience with high-definition imaging evolves. The new anti-
thrombotic agents being developed are easier to manage than 
warfarin and have a reduced risk of heparin-associated 
thrombocytopenia.
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Substance Abuse and the Heart

David A. Tate

S ubstance abuse has enormous social, economic, and medical 
consequences. Although abuse of both legal and illegal sub-

stances can have adverse effects on the cardiovascular system, as 
discussed in this chapter, it is important to note that two legal 
substances—tobacco and alcohol—have the greatest impact on 
cardiovascular health of citizens of the United States and other 
industrialized countries (Fig. 65-1, upper and middle).

TobAcco

From a cardiologic perspective, given the impact of smoking on 
coronary artery disease, tobacco is by far the most lethal of abused 
substances. Although the adverse effects of smoking on athero-
sclerotic disease have been known for years, studies continue to 
emphasize the striking magnitude of the effect. The incidence of 
coronary disease in smokers is approximately twice the incidence 
in nonsmokers. The deleterious effects of smoking were recently 
demonstrated in the Women’s Health Study, which suggested 
that half of all coronary deaths in women could be attributed to 
smoking. In primary prevention trials of the use of statins for 
hypercholesterolemia, coronary event rates were 74% to 86% 
higher in smokers than in nonsmokers. Following myocardial 
infarction (MI), recurrent MI is twice as frequent among those 
who continue to smoke compared with those who quit. It can 
therefore be argued that smoking cessation is likely to be more 
effective than statins for primary prevention of cardiovascular 
disease and more effective than aspirin, β-blockers, or angioten-
sin-converting enzyme inhibitors for secondary prevention. 
Despite a decline in smoking in recent decades, approximately 
20% of adult Americans remain addicted to tobacco. Moreover, 
smoking among adolescents, particularly young women, rose for 
several years and has shown no decline in recent years.

The medical and lay communities share a pessimistic view of 
smoking cessation that may not be fully justified. Caregivers must 
recognize that tobacco is a genuinely addictive substance, docu-
mented as such by the U.S. Surgeon General’s Office. It must 
also be acknowledged that smokers who want to quit often fail in 
their attempts to stop smoking. Nevertheless, many smokers do 
ultimately succeed in quitting, and by facilitating smoking cessa-
tion, the health care provider is likely to have a more salutary 
effect on a patient’s health than with almost any other medical 
intervention. Counseling by physicians makes a difference, and 
the efficacy of counseling is directly related to the intensity of the 
counseling program. Efficacy can be greatly increased by the use 
of questionnaires, written materials, and follow-up. Smoking 
cessation rates are also substantially increased when a cardiovas-
cular event has heightened patient concern. In a group of smokers 
with MI, cessation rates of 24.5% with standard advice and 63.2% 
with intensive advice were achieved.

Several pharmacologic adjunctive agents for smoking cessa-
tion are available that increase success rates beyond counseling 
alone. In a standard outpatient setting, modest but significant 
success has been achieved with nicotine replacement therapy, 

with abstinence rates of approximately 20% at 1 year. Consider-
able success has also been achieved with bupropion, which 
affects noradrenergic and dopaminergic function in the central 
nervous system; this has resulted in approximately a twofold 
increase in successful smoking cessation. Modest additional  
efficacy has been apparent when nicotine replacement therapy 
is combined with bupropion. The most recently approved phar-
macologic therapy for smoking cessation is varenicline. This 
partial agonist of nicotinic acetylcholine receptors seems to be 
somewhat more effective than bupropion, with abstinence rates 
at 1 year of 23% versus 16% with bupropion in one study. Side 
effects of nausea or abnormal dreams may limit therapy, 
however, and there have been reports of suicidal thoughts and 
erratic behavior in some patients.

Regardless of the method, it is clear that determining a spe-
cific “quit day” enhances the chance of success, as opposed to 
gradual tapering. Thus, physicians should advise their patients 
on the hazards of smoking and assess their readiness to quit.  
In those who seem motivated, intensive initial counseling and 
follow-up supportive care should be provided and adjunctive 
pharmacologic therapy offered. Given the remarkable reduction 
in cardiovascular morbidity and mortality that occurs with 
smoking cessation, aggressive efforts at helping patients to stop 
smoking are warranted.

AlcoHol

Alcohol abuse takes an enormous toll, with the strictly medical 
effects (e.g., liver disease, pancreatitis) compounded by the 
sociobehavioral health effects (e.g., suicide, homicide, trauma, 
domestic abuse). The effect of alcohol on the heart, however, is 
complex, with a mix of adverse and possibly beneficial effects.

The apparent beneficial effect of modest alcohol intake was 
first noted in France, where a surprisingly low coronary disease 
mortality rate was observed despite a high intake of dietary  
fat. This observation came to be called the “French paradox.” 
Since this initial observation, a J-shaped relationship between 
alcohol intake and total mortality has been defined. The initial 
descending portion of the curve derives from the reduced  
cardiovascular mortality associated with modest alcohol intake 
(one to three drinks per day). Although the effect may be some-
what more apparent with red wine (and related to the potential 
cardioprotective effects of nonalcohol components of red  
wine), most evidence suggests that the majority of the beneficial 
effect is from alcohol per se. The mechanism may relate to a 
variety of factors, including increased high-density lipoprotein  
cholesterol, decreased low-density lipoprotein cholesterol, anti-
oxidant effects, decreased platelet aggregation, and enhanced 
fibrinolysis.

It is important to note that despite this finding, there are  
no controlled trials that suggest a benefit from advising or insti-
gating modest alcohol intake. The potential beneficial effect 
must be weighed against the catastrophic effect of immoderate 
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Figure 65-1 Substance abuse and the heart. ETOH, ethyl alcohol; HDL-C, high-density lipoprotein cholesterol; HTN, hypertension; IV, 
intravenous; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction.
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consumption or even of moderate consumption in at-risk  
segments of the population (e.g., genetic risk for alcoholism, 
women of childbearing age, drivers). Thus, it is likely that an 
intervention trial would demonstrate both positive and negative 
effects, and for this reason it is unlikely that this question will 
ever be studied in a prospective, randomized trial.

Importantly, alcohol has numerous deleterious effects on  
the cardiovascular system, particularly in high doses. The  
most commonly encountered of these effects are alcoholic  

cardiomyopathy, alcohol-associated arrhythmias, and aggrava-
tion of hypertension. Ethanol and its metabolites have direct 
cardiotoxic effects on systolic and diastolic function. When 
severe, these direct cardiotoxic effects produce a clinical  
syndrome identical to idiopathic dilated cardiomyopathy. In 
general, therapy for alcoholic cardiomyopathy is similar to that 
used for other forms of heart failure (see Chapters 18 and 23). 
The cessation of alcohol intake is of paramount importance. In 
patients with alcohol-induced cardiomyopathy who abstain 
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from alcohol consumption, cardiac function stabilizes or 
improves in more than half. In patients who continue to consume 
alcohol, the disease is usually persistent and often progressive 
and fatal.

Alcohol use may trigger a wide range of cardiac arrhythmias, 
from premature atrial and ventricular contractions to ventricu-
lar fibrillation and sudden cardiac death. By far the most 
common arrhythmia associated with alcohol use, however, is 
atrial fibrillation. Indeed, this symptom has been noted com-
monly enough after weekends and holidays to be labeled 
“holiday heart.” The mechanisms may include heterogeneous 
delayed cardiac conduction, QT prolongation, electrolyte 
imbalance, and excess catecholamine activity.

The most common deleterious cardiovascular effect of 
alcohol is its contribution to hypertension. Even low levels of 
alcohol intake cause a mild increase in systolic blood pressure, 
and in hypertensive patients the effect may be quite marked. 
This is of great significance given the high prevalence of  
both hypertension and moderate alcohol intake. At high doses, 
alcohol exerts a significant pressor effect and is a leading cause 
of reversible hypertension.

InTrAvenouS Drug uSe

Regardless of the substance involved, intravenous (IV) drug  
use may cause endocarditis. Whereas other patients in whom 
endocarditis develops generally have a predisposing valvular 
lesion, the vast majority of IV drug users with endocarditis do 
not have such a lesion. In addition, there is some evidence from 
echocardiographic studies that chronic IV drug use may cause 
a mild degree of tricuspid and pulmonic regurgitation, even in 
the absence of endocarditis.

Endocarditis associated with IV drug use is usually right 
sided, involving the tricuspid valve. Not surprisingly, therefore, 
IV drug-related endocarditis is often associated with pneumonia 
or septic pulmonary emboli. The infectious agent that causes 
the endocarditis is most commonly a skin organism, rather than 
a contaminated agent itself. Staphylococcus aureus is the most 
common organism causing endocarditis in IV drug users, com-
prising approximately 60% of cases (see Fig. 65-1, lower). Inter-
estingly, cocaine use is also a predisposing factor for development 
of left-sided endocarditis, perhaps a result of valvular trauma 
from cocaine-induced extreme hemodynamic stress (as discussed 
in the next section), creating a nidus for bacterial infection.

cocAIne

Cocaine inhibits the reuptake of norepinephrine and dopamine 
at sympathetic nerve terminals. It thereby produces intense  
activation of the sympathetic nervous system, leading to  
severe hypertension and tachycardia. Cocaine also has complex 
interactions with cellular ion transport (sodium, potassium,  
and calcium), and these interactions probably contribute to the  
vasospastic and arrhythmogenic effects of cocaine. Finally, 
cocaine has procoagulant, atherosclerotic, and direct myocardial 
toxic effects. Therefore, although MI and ischemia are the  
most common complications of cocaine abuse, myocarditis,  
cardiomyopathy, coronary artery aneurysm, arrhythmia, aortic 
dissection, and stroke may also occur (see Fig. 65-1, lower).

Cocaine-induced MI or ischemia can occur via several mech-
anisms. In individuals with preexisting coronary disease, the 
severe tachycardia and hypertension associated with cocaine use 
may lead to a supply-demand imbalance. Even in the absence of 
underlying coronary disease, however, focal or diffuse coronary 
vasospasm may occur, mediated predominantly by stimulation 
of α-adrenergic receptors. Thrombosis may develop in some 
subjects because of endothelial disruption caused by the mecha-
nisms just mentioned or because of direct procoagulant effects.

Cocaine-induced MI typically occurs within 3 hours of use 
but may occur up to 15 hours after, and acute MI up to 4 days 
after cocaine use has been reported. It is important to note that 
individuals who use cocaine over prolonged periods of time are 
often found to have advanced coronary atherosclerosis, out of 
proportion to their underlying risk factor profile. Thus, in a 
young individual with chest pain and a history of cocaine abuse, 
coronary atherosclerosis must always be considered.

Appropriate therapy for cocaine-associated cardiac toxicity 
must take into account the many complex pharmacologic  
actions of cocaine. An understandable but potentially cata-
strophic mistake with these patients, whose sympathetic nervous 
systems are stimulated by the cocaine, is the use of β-blockers. 
β-blockade produces unopposed α-receptor stimulation, which 
may lead to severe hypertension and coronary vasoconstriction. 
Benzodiazepines in substantial doses, along with nitroglycerin 
and aspirin, are the preferred therapeutic agents, followed, if 
necessary, by calcium channel blockers. Agents with combined 
α- and β-blocking effects, such as labetalol and carvedilol, 
remain somewhat controversial but are generally best avoided 
as well. As with any acute coronary syndrome, refractory patients 
are best treated by proceeding to coronary angiography. This is 
particularly preferred in patients with ST elevation not respond-
ing to nitroglycerin, because fibrinolysis may be associated with 
higher rates of intracranial hemorrhage in cocaine users. Refrac-
tory severe hypertension may be treated with the α-blocker 
phentolamine.

Antiarrhythmic drugs should be avoided if possible in patients 
with cocaine intoxication, because drug interactions involving 
electrolyte transport may lead to proarrhythmic effects or 
hemodynamic instability. Given the relatively short half-life of 
cocaine (30–60 minutes), it is generally best to simply monitor 
the patient until the cocaine-induced arrhythmias subside.  
Electrical cardioversion may be necessary for treatment of 
hemodynamically unstable rhythms, and adenosine is probably 
safe for termination of sustained supraventricular arrhythmias.

Amphetamine, LSD, and psilocybin intoxication are often 
associated with marked tachycardia, hypertension, and arrhyth-
mia and are managed in much the same way as cocaine 
intoxication.

nArcoTIcS

Depressant effects on the respiratory and central nervous 
systems dominate the clinical picture of narcotic intoxication. 
However, narcotic agents such as heroin and morphine also 
have potentially life-threatening cardiovascular effects. These 
agents act directly on the vasomotor center to reduce sympa-
thetic activity and enhance parasympathetic activity. These 
agents also stimulate histamine release from mast cells and 
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increase electrophysiologic automaticity. Narcotic intoxication 
may therefore be associated with profound bradycardia and 
hypotension, as well as with supraventricular and ventricular 
arrhythmias. In addition, narcotic use may precipitate noncar-
diogenic pulmonary edema, which can mimic and complicate 
true cardiovascular effects.

Therapy for narcotic overdose is predominantly supportive. 
Severe hemodynamic instability is treated with naloxone, a 
narcotic-receptor antagonist. Experience with antiarrhythmic 
drugs is limited in the setting of narcotic overdose, and as with 
cocaine, it is best to avoid pharmacologic agents if possible and 
allow the narcotic to be metabolized. Electrical cardioversion is 
appropriate for hemodynamically unstable rhythms. If neces-
sary, supraventricular arrhythmias may be treated with adeno-
sine, β-blockers, or calcium antagonists.

SubSTAnce AbuSe Among ATHleTeS

Competitive athletes and bodybuilders often abuse substances 
with a goal of enhancing performance or building muscle mass. 
The primary ingredients of most cardiac stimulant products 
used by this population are ephedrine, often called by its Chinese 
name, ma huang, and caffeine. Ephedrine and caffeine may cause 
or exacerbate hypertension and, rarely, can be associated with  
a catecholamine cardiomyopathy. In addition, the effects of 
ephedrine and caffeine on myocardial contractility, myocardial 
irritability, and coronary vasoconstriction may sometimes be 
hazardous, particularly in the occasional subject with hypertro-
phic cardiomyopathy or a preexcitation syndrome.

Anabolic steroids are widely used in this population and have 
multiple adverse effects on the cardiovascular system. Anabolic 
steroids promote atherogenesis by markedly increasing low-
density lipoprotein cholesterol and decreasing high-density 
lipoprotein cholesterol. Anabolic steroids seem to promote left 
ventricular hypertrophy secondarily by causing hypertension 
but possibly also by a direct anabolic effect on the myocardium. 
Finally, anabolic steroids may have effects on platelet aggrega-
tion and cardiac conduction. Sporadic cases of MI and sudden 
cardiac death have been reported among anabolic steroid users.

FuTure DIrecTIonS

Substance abuse is epidemic in Western societies and is likely 
to remain so. Primary prevention in this area relies on public 
education. The legal substances tobacco and alcohol exacerbate 
two of the major killers in cardiovascular medicine, coronary 
artery disease and hypertension. Public policy aimed at discour-
aging these behaviors, particularly tobacco use, has had a sig-
nificant effect, both through discouraging individual use and by 
limiting secondhand exposure, but all practitioners must con-
tinue to emphasize the significance of alcohol and tobacco as 
contributors to cardiovascular mortality and morbidity. Novel 

therapies for smoking cessation are under investigation, includ-
ing not only nicotine antagonists but also cannabinoid-receptor 
antagonists, dopaminergic agonists, monoamine oxidase B 
inhibitors, and even vaccines to promote antibodies to nicotine. 
The use of illegal substances takes a disproportionate toll on 
youth, who otherwise would be expected to be free of cardio-
vascular disease. Physician awareness of and attention to these 
issues can highlight their importance for the general public.
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HIV and the Heart

Kristine B. Patterson and Joseph J. Eron

H uman immunodeficiency virus (HIV) and acquired immu-
nodeficiency syndrome (AIDS) affect more than 45 million 

people worldwide. AIDS—defined immunologically as a CD4 
T-cell count of 200 cells/mm3 or less, or by the occurrence of 
an opportunistic illness—is the most advanced manifestation  
of HIV infection. The spectrum of disease is diverse, and  
the period between HIV acquisition and the development of  
AIDS can be many years. The prognosis for HIV-infected indi-
viduals who have access to antiretroviral therapy (ART) has 
greatly improved. The long-term management has therefore 
evolved to focus on traditional age-related illnesses, especially 
cardiovascular disease (CVD). Formerly common cardiac mani-
festations of HIV, including dilated cardiomyopathy, myocardi-
tis, pericardial disease, and pulmonary hypertension, are now 
relatively rare in individuals receiving ART. Complications 
from ART such as dyslipidemia are now common. As a result 
of ART and increased longevity, HIV-infected individuals are 
at risk for CVD. HIV infection itself may increase the risk for 
CVD, and this risk may increase with decreasing levels of 
immune function. This chapter explores the most common 
cardiac diseases in HIV-infected individuals and the ways in 
which the etiologies of these diseases differ compared with the 
general population (Fig. 66-1). Whichever cardiac disease is 
being addressed, care should be integrated among the cardiolo-
gist, the HIV care provider, and the primary care provider. 
Special considerations in evaluating CVD risk and treating lipid 
abnormalities are also discussed.

EtIology and PatHogEnEsIs

The underlying etiology of cardiac diseases in HIV patients  
can be divided into three categories that may overlap: (1) HIV 
itself and infections and opportunistic diseases associated with 
HIV; (2) therapies used in HIV treatment, including certain 
nucleoside analogues that have been associated with cardiomy-
opathy and protease inhibitors (PIs) that have been associated 
with myocardial infarction (MI) (probably predominantly due 
to their effect on lipids); and (3) factors common to the general 
population such as hyperlipidemia, smoking, hypertension, and 
so forth. In particular, atherosclerosis may be related to the 
ART used, the virus itself, or immune dysregulation. In all cases, 
treatment is directed toward the underlying etiology and any 
modifiable risk factors.

ClInICal PrEsEntatIon

Dilated Cardiomyopathy

In the pre-ART era, dilated cardiomyopathy (DCM) was found 
in 20% to 40% of patients with long-standing HIV infection, 
even in the absence of an AIDS-defining diagnosis or a CD4 
cell count of 200 cells/mm3 or less. Currently, HIV-associated 
DCM is rare and is thought to be related to impaired immune 

function, direct cardiotoxic effect of HIV infection or HIV 
proteins, and/or nutritional deficiencies; DCM may also be 
drug-induced. Specific opportunistic infections that have been 
implicated include viral (cytomegalovirus, herpes simplex), pro-
tozoal (Toxoplasma gondii), bacterial (Mycobacterium tuberculosis, 
Mycobacterium avium-intracellulare), and fungal (Cryptococcus 
neoformans, Aspergillus fumigatus, Histoplasma capsulatum, Coccidi-
oides immitis, and Candida spp.).

Pulmonary Hypertension

The prevalence of pulmonary hypertension is estimated to be  
1 in 200 in HIV-infected individuals compared with 1 in  
200,000 in the general population. However, most of these 
estimates were made in the pre-ART era. Recent studies  
suggest that asymptomatic pulmonary hypertension may be as 
high as 5.5% in well-controlled HIV-infected patients receiving 
ART. The etiology of pulmonary hypertension in HIV-infected 
individuals is obscure but may be related to sequelae of oppor-
tunistic pulmonary infections or effects of HIV on pulmonary 
endothelial function. Conflicting data exist with respect to 
whether ART contributes to the pathogenesis of pulmonary 
hypertension or is beneficial for treatment.

Cardiac Neoplasm

Both Kaposi’s sarcoma (KS) and non-Hodgkin’s lymphoma 
(NHL), the two most common malignancies associated  
with HIV/AIDS, may involve the heart. Cardiac KS is always 
associated with disseminated KS. Cardiac findings are usually 
subclinical; however, fatal cardiac tamponade and pericardial 
constriction may occur. Pericardiocentesis is considered a high-
risk procedure because of the vascular nature of KS lesions. In 
such suspected cases, a pericardial window is the procedure of 
choice for providing decompression in addition to establishing 
the diagnosis.

NHL is usually high grade, is of B-cell origin, and dissemi-
nates early. Cardiac involvement of NHL may present with 
intractable heart failure, pericardial effusion, cardiac tampon-
ade, or arrhythmias. Patients with mechanical obstruction may 
benefit from surgical resection.

Cardiotoxicity from chemotherapy for either malignancy is 
also possible depending on the agents used.

Pericardial Effusions and Pericarditis

Pericardial effusions are commonly seen in HIV-infected indi-
viduals. Clinical manifestations include asymptomatic effusions 
detected on echocardiography, pericarditis with or without con-
striction, and tamponade. The clinical presentation of pericar-
ditis alone is not different in HIV-infected and uninfected 
individuals. The etiology of pericarditis in HIV infection is most 
often not determined. Specific considerations in this population 
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Figure 66-1 Cardiac manifestations of acquired immunodeficiency syndrome. HIV, human immunodeficiency virus.

Pulmonary hypertension, which is more 
commonly seen in the younger population, is 
usually caused by left ventricular dysfunction.

Ischemic cardiovascular 
disease in HIV-positive patients

Protease inhibitors may be 
associated with the development of 
accelerated atherosclerosis by 
inducing insulin resistance, 
hypertension, and dyslipidemia in 
HIV-infected patients.

Dilated cardiomyopathy

This condition typically occurs late in the 
course of HIV infection, with associated 
low CD4 count, and may be associated 
with nucleoside reverse transcriptase 
inhibitor usage. The most common 
findings are four-chamber enlargement, 
left ventricular hypokinesis, and 
decreased fractional shortening.

Pericarditis, pericardial effusion, cardiac 
neoplasms, and infective endocarditis used to 
be common manifestations of HIV infection. 
However, in the presence of antiretroviral 
therapy, these manifestations are relatively 
rare. Ischemic cardiovascular disease is 
currently more common.

include infections (viral, fungal, and mycobacterial, with tuber-
culosis as a particular concern in patients at high risk for this 
co-infection), malignancies (KS and NHL), and other diseases 
(e.g., HIV-associated nephropathy).

Nonbacterial Thrombotic Endocarditis

Nonbacterial thrombotic endocarditis has an estimated preva-
lence of 3% to 5%, most commonly in those older than 50  
years and in patients with HIV wasting syndrome. These esti-
mates are predominantly from the era before effective ART. 
The friable sterile vegetations that form on the cardiac valves 
are associated with disseminated intravascular coagulation and 
systemic embolization.

Infective Endocarditis

Infective endocarditis in HIV-infected individuals has similar 
prevalence to that in individuals with the same risk behaviors, 
and, in general, the clinical presentation is also similar in  
HIV-infected and noninfected individuals. Staphylococcus aureus 
and Streptococcus viridans are the major responsible organisms. 
However, a limited number of pathogens cause endocarditis 
more frequently in HIV-infected individuals. Notably, HIV-
infected patients are at higher risk of developing Salmonella 

bacteremia resulting in endocarditis than are immunocompe-
tent patients. Other than Candida species, fungal endocarditis 
(Aspergillus fumigatus, Histoplasma capsulatum, and Cryptococcus 
neoformans) is also more common in HIV-infected individuals; 
however, these remain relatively rare. Individuals with late-stage 
HIV infection have higher mortality than those who are earlier 
in the disease course.

atHErosClErotIC  
CardIoVasCular dIsEasE

The widespread use of ART has markedly decreased mortality 
for HIV-infected individuals. Greater survival means HIV-
infected persons are aging and subsequently facing the same 
comorbidities as the general population, especially atheroscle-
rotic CVD. In general, HIV-infected individuals seem to be  
at greater risk for CVD than HIV-uninfected persons. This  
may be due partly to the higher prevalence of traditional risk 
factors, especially smoking. CVD tends to occur at a younger 
age in HIV-infected individuals, and there is a higher rate of 
hospitalizations for CVD and acute MIs in this population. The 
interface between the increased risk of CVD, HIV, and ART 
can occur in three ways: (1) HIV may serve as a marker to 
identify higher-risk individuals (e.g., increased rate of smoking 
in HIV-infected persons); (2) HIV or ART may alter traditional 
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risk factors (e.g., dyslipidemia); or (3) HIV or ART may  
affect the underlying pathogenesis associated with CVD (e.g., 
proinflammatory process and endothelial dysfunction). Thus 
far, there is no clear evidence that any one of these factors 
supersedes the others.

Risk Factors

TRADITIONAl MODIfIABlE RISK fACTORS

Cigarette smoking, hypertension, diabetes, and obesity are all 
strong predictors of CVD in HIV-infected persons. As in the 
general population, these factors remain the most powerful  
predictors of CVD risk. Rates of smoking are consistently 
higher in HIV-infected persons than age-matched controls.  
The ratios of total cholesterol to high-density lipoprotein cho-
lesterol (HDL-C) and of low-density lipoprotein cholesterol 
(LDL-C) to HDL-C, as well as triglyceride (TG) levels, are also 
higher. With the use of ART, a paradoxical worsening of CVD 
risk occurs in some HIV-infected individuals who become obese 
as they experience a “return to health” phenomenon and adopt 
a sedentary lifestyle. As with other populations, the Framing-
ham risk equation can be used. However, this equation may 
underestimate the true risk due to as yet undefined intrinsic 
factors associated with HIV, such as diminished arterial elastic-
ity, especially in untreated individuals.

ANTIRETROVIRAl THERAPIES

Observational studies have shown that both the presence and 
the absence of ART may contribute to CVD risk. While ART 
is associated with dyslipidemias, uncontrolled HIV replication 
is associated with endothelial dysfunction. One observational 
study, the Data Collection on Adverse Events of Anti-HIV 
Drugs” (D:A:D Study), detected a relative risk of 16% for MI 
associated with PI (but not nonnucleoside reverse transcriptase 
inhibitor [NNRTI]) use for every year of ART exposure. 
However, PI-associated risk was lower than the annual risk 
associated with age, male sex, or tobacco usage. A second large 
observational study, Strategies for Management of Anti-retro-
viral Therapy (SMART), demonstrated an increased risk of 
CVD among patients who episodically discontinued ART on 
the basis of CD4 count—presumably due to the proinflamma-
tory state that ensues with lower CD4 cell counts. The risk 
decreased on reinstitution of ART but not back to baseline. 
Additional evidence supports the concept that endothelial  
dysfunction rapidly improves and is maintained following the 
initiation of ART in ART-naive individuals.

Specific ARTs may be more likely to increase CVD risk. The 
D:A:D Study (with 30,000 patient years’ follow-up) found 
current or recent use of the nucleoside/nucleotide reverse tran-
scriptase inhibitors (NRTIs) abacavir and didanosine was associ-
ated with a doubled risk of cardiovascular event. The SMART 
study supported the association of abacavir with increased CVD 
risk. However, the increased risk was not seen in a longitudinal 
observational study for individuals who have been in treatment 
trials (AIDS Clinical Trials Group ALLRT) and randomized to 
receive or not receive abacavir. These studies and others have 
evaluated changes in inflammatory markers associated with aba-
cavir use. Overall, increases in highly sensitive C-reactive 

protein, interleukin-6, soluble vascular cell adhesion molecule, 
and other inflammatory markers were not enhanced, whereas 
platelet hyperreactivity and worsening endothelial function 
were seen in individuals receiving abacavir. Whether abacavir 
actually contributes to CVD risk has yet to be definitely deter-
mined. But given this uncertainty, abacavir should be avoided 
in individuals with known CVD, if possible.

DySlIPIDEMIA

Dyslipidemia has become an important focus of HIV care. Even 
before ART, HIV-infected patients had perturbations in lipid 
metabolism. Increased serum TG levels, lower levels of HDL-C 
and LDL-C, and lower levels of total cholesterol are more com-
monly seen in individuals with AIDS. Initiation of ART fre-
quently reverses these effects.

ART agents are now thought to contribute significantly  
to lipid perturbations, but the pathogenesis of this effect is not 
well understood. Differences exist between and within ART 
class; therefore, the effects of specific classes on lipids cannot  
be generalized. Additionally, certain regimens may be favorable 
for one lipid parameter and detrimental for another.

PROTEASE INHIBITORS

The most common way to administer PIs is in combination  
with ritonavir (RTV), which is now used exclusively at low  
dose to boost the levels of other PIs. When PIs are administered 
with low-dose RTV, all lipid values increase to some degree. 
Increased TG levels are more variable depending on the PI, 
with TG levels (and total cholesterol levels) increasing to a 
greater degree with lopinavir-RTV than with other commonly 
used boosted PIs. Ratios of total cholesterol to HDL-C may or 
may not increase, since HDL-C increases may be substantial. 
Elevations in TGs may be extreme—to more than 750 mg/
dL—particularly with lopinavir-RTV or tipranavir-RTV (a  
less commonly used PI combination). Atazanavir when admin-
istered without RTV has less effect on total cholesterol and 
TGs. Effects of PIs on lipids vary substantially from individual 
to individual.

NONNuClEOSIDE REVERSE TRANSCRIPTASE INHIBITORS

The NNRTIs nevirapine and efavirenz increase HDL-C and 
are associated with modest adverse effect on lipids. Nevirapine 
has less of an effect on LDL-C, while efavirenz increases total 
cholesterol, TGs, and LDL-C. Efavirenz, when used in combi-
nation with lopinavir-ritonavir, markedly increases TG levels. 
Lipid effect of the newest NNRTI, etravirine, has only been 
assessed in highly treatment-experienced individuals and was 
associated with increases in total cholesterol.

NuClEOSIDE/NuClEOTIDE REVERSE  
TRANSCRIPTASE INHIBITORS

The association between NRTIs and lipids is less clear. The 
thymidine analogue zidovudine is associated with hypercholes-
terolemia and increases in LDL-C, although not associated  
with an increased risk of MI. Stavudine is associated with 
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hypertriglyceridemia, hypercholesterolemia, and increases in 
insulin resistance (IR). Lamivudine, emtricitabine, and tenofovir 
are all considered to be lipid-neutral. Abacavir, as discussed, may 
be associated with an increased risk of MI but is relatively 
lipid-neutral.

CCR5 ANTAgONISTS AND INTEgRASE INHIBITORS

Most of the experience with these two new classes of ART is  
in treatment-experienced patients. The available data suggest 
they are lipid-neutral.

INSulIN RESISTANCE

IR reflects a state wherein increased amounts of insulin are 
required to exert its normal physiologic functions. The high 
prevalence of IR in HIV-positive individuals, between 35%  
and 50%, is multifactorial. Important contributors include tra-
ditional risk factors (genetics, physical inactivity, and obesity) 
and HIV-specific factors (proinflammatory effects of HIV, 
direct effects of antiretrovirals (especially PIs), and consequences 
of the lipodystrophy syndrome. Although the gold standard for 
measuring IR is the euglycemic insulin clamp coupled with  
an intravenous glucose tolerance test, various measurements 
(fasting insulin level, homeostasis model assessment, quantita-
tive insulin sensitivity check index, and insulin-to-glucose  
ratio) are more practical and available for everyday clinical use. 
There is marked variation between the different PIs, with ata-
zanavir having the least effect on IR. Treatment of IR should 
include exercise and consideration of a more metabolically 
friendly ART regimen. There may be some benefit from the 
addition of metformin.

ManagEMEnt and tHEraPy  
oF lIPId abnorMalItIEs

Optimum Treatment

A fasting lipid profile should be obtained before initiation of 
ART and 3 to 6 months later. As with the general population, 
lifestyle modifications (diet and exercise) should be attempted 
first. If treatment goals are not reached by 4 to 8 weeks, phar-
macologic therapy should then be initiated. In individuals  
with established CVD, medical intervention should be initiated 
concurrently. The treatment of dyslipidemia in HIV-infected 
individuals should be in conjunction with the primary care  
provider and the HIV specialist who is managing the ART. In 
some instances, ART may be altered to assist in the management 
of dyslipidemia.

Therapy should follow the National Cholesterol Education 
Program Treatment Guidelines. For patients with significant 
isolated hypertriglyceridemia (defined as >500 mg/dL), therapy 
should begin with a fibrate. For patients with elevated LDL-C 
or non-HDL-C and TG levels less than 500 mg/dL, therapy 
should begin with a statin. The statins most frequently used in 
HIV-infected patients on ART include pravastatin, atorvastatin, 
and rosuvastatin. Starting doses should be relatively low and 
gradually increased to reach treatment goals. Monitoring for 
muscle toxicity, increased creatine kinase, hepatotoxicity, and 

increasing HIV RNA should be performed on a regular basis. 
With refractory hypertriglyceridemia and hypercholesterol-
emia, both a fibrate and a statin may be necessary, although  
the risk of toxicity may be compounded. Niacin lowers LDL-C 
but potentially worsens IR and should be avoided in patients 
taking PIs.

Avoiding Treatment Errors

Treatment for dyslipidemia in HIV-infected patients can be 
challenging. Many statins are metabolized by cytochrome P450 
3A4 (CYP3A4), which also metabolizes many of the HIV thera-
peutics. Therefore, interactions between these dually essential 
classes of drugs are likely. There is an increased propensity 
toward skeletal muscle toxicity (myalgias) or liver toxicity  
from increased levels of statins when coadministered with PIs.  
Lovastatin and simvastatin are extensively metabolized by 
CYP3A4; therefore, their use should be avoided in HIV-infected 
patients receiving PIs because of an increased risk of toxicity. 
Pravastatin may be less effective when administered with rito-
navir, nevirapine, or efavirenz. The NNRTIs nevirapine and 
efavirenz, which induce CYP3A4, lower serum concentrations 
of the statins. As with all cardiac diseases, treatment should be 
integrated between the cardiologist, the HIV care provider, and 
the primary care provider.

FuturE dIrECtIons

Since the introduction of ART, the overall incidence of nonath-
erosclerotic cardiac disease in HIV-infected individuals has sig-
nificantly decreased, especially the incidence of pericarditis and 
DCM. This reduction most likely reflects a decrease in oppor-
tunistic infections, increased control of HIV replication, and 
improved immune function. Unfortunately, dyslipidemia and 
atherosclerosis will increase as more people receive ART and 
age. In addition to lipid management, special focus should also 
be placed on smoking cessation. Aggressive treatment of CVD 
and the associated risk factors should be implemented into the 
standard treatment of HIV-infected individuals.
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Sleep Disorders and the  
Cardiovascular System

Elizabeth Boger Foreman and Bradley V. Vaughn

S leep is a reversible physiologic state that is essential for 
and a benchmark of good health. Even though we do not 

understand the underlying purpose, sleep stabilizes regulation 
of the autonomic and endocrine systems, enhances attention and 
concentration, and promotes a sense of well-being. Disruption 
of sleep may lead to an array of central nervous system and 
systemic consequences. Approximately one in three individuals 
will present with a sleep-related complaint to their physician. 
Over 90 distinct sleep disorders have been identified. These 
disorders result in complaints of excessive daytime sleepiness 
and/or difficulty initiating or maintaining sleep or events associ-
ated with sleep. The impact of sleep disruption on cardiovascu-
lar functioning is complex and widespread. Some disorders  
such as sleep apnea are a risk factor for cardiovascular disease, 
whereas other disorders such as heart failure influence sleep 
maintenance. There is a bidirectional influence and a dynamic 
relationship between sleep and the cardiovascular system.

Normal Sleep phySiology

The state of sleep is determined by an array of coordinated 
neuronal processes. Sleep is typically divided into stages based 
on electroencephalogram (EEG) features, eye movements  
(electro-oculography), and muscle tone (electromyogram). 
Stages N1 through N3 are called collectively non-rapid eye 
movement (NREM) sleep. Stage N1 sleep is frequently associ-
ated with the perception of drowsiness and is characterized by 
EEG features of mild slowing and vertex sharp waves. Stage N2 
(light sleep) is characterized by the presence of K complexes or 
sleep spindles. In stage N3 (deep sleep), high-amplitude slow 
waves predominate in EEG activity. Rapid eye movement 
(REM) sleep (or stage R) is characterized by a low-amplitude 
mixed-frequency pattern on EEG, absence of muscle tone in 
voluntary muscles, and intermittent REMs. Dreams can occur 
in all stages of sleep but are more vividly recalled from REM 
sleep. Healthy adults display a reproducible pattern of sleep 
organization. They enter sleep through stage N1, progress to 
stage N2, and after 15 to 25 minutes progress to stage N3, fol-
lowed by reemergence of stage N2 sleep. The first REM sleep 
period occurs after approximately 90 minutes. This pattern 
repeats approximately every 90 minutes throughout the sleep 
period with progressively less slow-wave sleep and longer 
periods of REM sleep in each cycle.

All of these stages have other physiologic correlates. As we 
progress normally through the stages of sleep there are varia-
tions in heart rate, blood pressure, peripheral vascular tone, 
oxygen delivery, coronary blood flow, and respiration. In a 
healthy individual, transitional periods between quiet wakeful-
ness and light sleep are characterized by mild instability in 
breathing, making these periods particularly subject to the 
occurrence of central apnea events and periodic breathing. As 

the individual becomes drowsy, the heart rate may decrease with 
a subtle drop in blood pressure. In sustained NREM sleep, 
parasympathetic regulation of cardiovascular activity predomi-
nates, characterized by decreased blood pressure, greater high-
frequency heart rate variability, and more regular breathing as 
compared with quiet wakefulness. In REM sleep, muscle atonia 
results in a decrease in peripheral vascular tone, and surges in 
sympathetic output cause increased variability of heart rate, 
blood pressure, and respiratory rate. Respiratory response to 
hypercapnia and hypoxia is also reduced. This fluctuation in 
sympathetic output leads to accelerations and pauses of heart 
rate and breathing and increased afterload. Thus, in individuals 
with underlying cardiac disease (e.g., heart failure, conduction 
disturbances, coronary artery disease) or pulmonary disease, this 
physiologic vulnerability during REM sleep may increase the 
risk of arrhythmias, reduced coronary blood flow, hypoxia, and/
or obstructive apneas.

Sleep leNgth aND health

Our society has progressively shortened the amount of time 
dedicated to sleep. At the beginning of the twentieth century, it 
is estimated that individuals spent approximately 9 to 10 hours 
per night in bed. As of 2008, the average working American  
is sleeping less than 7 hours per night. Sleep deprivation in  
the short term is associated with greater sympathetic nerve 
activation, higher blood pressure, increased appetite, lower 
leptin levels, higher cortisol levels, and increased inflammatory 
markers. Epidemiologic studies suggest that chronic sleep 
deprivation is associated with weight gain and obesity. Addition-
ally, individuals who sleep fewer than 5 hours per night are at 
greater risk for coronary artery disease and development of 
diabetes, and have a higher mortality risk at 10 years, even after 
adjustment for other risk factors. Similarly, individuals who 
sleep longer than 9 hours are also at greater risk for diabetes 
and cardiovascular events. The underlying mechanism for the 
link of sleep deprivation and disease is unclear. Yet some believe 
that dysregulation of the endocrine and autonomic nervous 
systems and increases in inflammation contribute to the devel-
opment of hypertension, vascular disease, and weight gain. 
Regardless of the mechanism, sleep duration may impact car-
diovascular health.

Sleep-relateD BreathiNg DiSorDerS

Sleep can be disrupted by several disorders (Box 67-1), many of 
which have not been extensively studied for their relationships 
to cardiovascular health. Patients presenting to a sleep disorders 
center are typically those with sleep-related breathing disorders. 
Common sleep problems including obstructive sleep apnea 
(OSA), central sleep apnea (CSA), and obesity hypoventilation 
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Box 67-1 Categories of Sleep Disorders

Circadian rhythm disorders
Sleep-related breathing disorders
Insomnias
Hypersomnias
Parasomnias
Sleep-related movement disorders
Other disorders

can adversely impact cardiovascular health. Sleep-related 
breathing patterns, such as Cheyne-Stokes respiration (CSR), 
may reflect underlying cardiovascular issues. These disorders 
offer an opportunity to identify predisposing and exacerbating 
factors of cardiovascular disease and improve long-term risks.

Obstructive Sleep Apnea

OSA is defined by repetitive collapse of upper airway structures 
for 10 seconds or longer, causing cessation of airflow in the 
setting of continued respiratory effort (Fig. 67-1). These events 
are commonly accompanied by a decrease in the blood oxygen 

Figure 67-1 Obstructive sleep apnea. ECG, electrocardiogram; 
EEG, electroencephalogram.
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Box 67-2 Symptoms of Obstructive Sleep Apnea

Snoring
Daytime sleepiness
Witnessed apneas or gasping events during sleep
Insomnia
Hypertension
Decreased cognition
Morning headaches
Sexual dysfunction

saturation and a constellation of clinical symptoms (Box 67-2). 
Significant pathophysiology is also seen with hypopnea events, 
defined as airflow diminished by more than 30% and oxygen 
desaturation of at least 4%. The number of apnea and hypopnea 
events per hour, termed apnea-hypopnea index (AHI), is used 
to determine disease severity (Table 67-1). Population studies 
estimate that 1 in 5 individuals has at least mild disease, being 
more prevalent in males. The mechanisms for both obstructive 
apnea and hypopnea are linked to airway compromise at one of 
three levels: the nose, the retroglossal and retropalatal regions, 
and the pharynx (Box 67-3; Fig. 67-2). Common factors associ-
ated with increased risk of OSA include male sex, older age, 
obesity, anatomically small airway, and others (Box 67-4).

OBSTruCTIVE SlEEP APNEA lINk TO HyPErTENSION

OSA is associated with a gradual increase in peripheral  
vascular tone and decrease in cardiac output. This is followed 
by a sudden opening of the airway, and the cardiac output 
increases against high peripheral vasoconstriction and results  
in a dramatic increase in blood pressure. Beyond repetitive 
apnea events, other influences may increase systemic blood  
pressure. Possible mechanisms of causation include intermit-
tent, repeated hypoxia episodes causing chemoreceptor stimula-
tion, increased sympathetic activation, decreased baroreceptor 
responsiveness, cardiovascular remodeling, and activation of the 
renin-angiotensin system. Epidemiologic studies suggest a mod-
erate link between OSA and hypertension. Analysis of data from 
the Wisconsin Sleep Cohort shows a linear relationship between 
severity of the AHI and elevations in 24-hour blood pressure 
monitoring. OSA can also precede the appearance of hyperten-
sion, as evident in the prospective analysis of this group. Clini-
cians should suspect OSA in patients who have failed to respond 
to three or more antihypertensive medications and in those 
lacking a physiologic nocturnal dip in blood pressure.

This relationship of sleep apnea to hypertension provides 
therapeutic opportunities. In short-term studies, treatment  
with continuous positive airway pressure (CPAP) decreased 

table 67-1 Apnea Severity

ahi apnea Severity

0–5 Normal
5–15 Mild
15–29 Moderate
≥30 Severe

AHI, apnea-hypopnea index.
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Box 67-3 Mechanisms of Obstructive Sleep Apnea

Pharyngeal muscular relaxation
Infiltration of pharyngeal tissues (adiposity, tumor, 

mucopolysaccharidoses)
Tonsillar hypertrophy
retrognathia or micrognathia
Macroglossia
Nasal obstruction
Chronic mucosal edema (allergies, sinusitis, 

gastroesophageal reflux)
Medication effect—muscular relaxation
Diminished response to upper airway load

Figure 67-2 Anatomic representation of obstructive sleep apnea.
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Box 67-4 risk Factors Associated with Increased 
risk of Obstructive Sleep Apnea

Male
Age older than 65 years
Obesity (body mass index of 30 or higher)
Micrognathia or retrognathia
High arched palate
large adenoids and/or tonsils
Snoring
Neck size greater than 16.5 inches

sympathetic activity during sleep and modestly improved both 
nocturnal and daytime blood pressure. Those with more severe 
OSA and hypertension had greater reductions in blood pressure 
after treatment of OSA, although more studies are needed  
to determine longer-term outcomes. Treatment of hyperten-
sion is not known to significantly decrease severity of sleep 
apnea or disturb normal sleep architecture.

OBSTruCTIVE SlEEP APNEA AND CArDIAC DISEASE

Evidence from the Sleep Heart Health Study, a cross-sectional 
study of more than 6000 adults, indicates that blood oxygen 
desaturations of at least 4% correlate with a higher prevalence 
of cardiovascular disease independent of other risk factors. 
Untreated OSA is associated with an increased incidence of 
hypertension, myocardial ischemia, infarction, early cardiac 
death, heart failure, pulmonary hypertension, and arrhythmias 
(particularly atrial fibrillation). OSA is frequently found in 
patients with congestive heart failure (~11% to 50% have OSA) 
and is more common in men of any age and women older than 
60 years. OSA can lead to and exacerbate heart failure by 
repeated oxygen desaturations, increased sympathetic activa-
tion, and increased afterload. Additionally, increased swings in 
intrathoracic pressure caused by untreated OSA also lead to 
increased myocardial oxygen demand. The greater negative 
intrathoracic pressure also results in atrial stretch causing the 

release of atrial natriuretic peptide, which can result in nocturia. 
Compounding the effect is an inflammatory cascade character-
ized by the release of interleukins, cytokines, and tumor necrosis 
factor-α. This increase in inflammation plays a role in advancing 
coronary artery disease and elevating C-reactive protein levels. 
Additionally, release of vasoactive substances such as endothelin 
and nitric oxide synthetase lead to endothelial dysfunction and 
increase platelet activation and aggregation. However, a link to 
a true hypercoagulable state has not been clearly established.

Cardiovascular diseases can also have a significant impact  
on sleep. Heart failure can disrupt normal sleep architecture, 
selectively decreasing REM sleep and leading to REM sleep 
deprivation. Untreated OSA results in more fragmented, less 
restorative sleep, due to frequent arousals.

TrEATMENT OF HEArT FAIlurE AND  
OBSTruCTIVE SlEEP APNEA

Optimal management of fluid status in heart failure can improve 
the AHI due to decreased airway edema, according to studies in 
otherwise healthy volunteers. The effect of the treatment of 
OSA on heart failure is better established. Usage of CPAP 
improves left ventricular ejection fraction, subjective dyspnea, 
and daytime sleepiness. Data have yet to be collected on end 
points such as hospitalization rates and mortality, but a recent 
observational trial demonstrated a trend toward decreased mor-
tality in patients on CPAP with heart failure.
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OBSTruCTIVE SlEEP APNEA AND STrOkE

Given the above associations, OSA has been implicated as a  
risk factor for stroke. Current evidence does not allow clear 
establishment of OSA as an independent risk factor for  
stroke, but OSA severity does correlate with the risk of stroke 
or death. Individuals who suffered stroke and have OSA have a 
higher mortality than those without OSA. Similar to cardiac 
disease, possible mechanisms for the association of OSA with 
stroke include hypertension, reduction in cerebral blood  
flow, release of vasoactive substances leading to endothelial 
damage, and inflammatory and prothrombotic states. Addition-
ally, snoring may cause chronic vibration of carotid arteries and 
is associated with intimal thickening. Observational studies 
show individuals who are compliant with therapy for OSA have 
better motivation and cognitive capacity as well as lower risk of 
recurrent events.

ClINICAl PrESENTATION AND DIAGNOSTIC APPrOACH

Common symptoms of OSA include snoring and daytime  
sleepiness, but nearly half of individuals with OSA do not 
express somnolence. The Epworth Sleepiness Scale is a vali-
dated measure of sleepiness, and other tools such as the Berlin 
Sleep Apnea Questionnaire and the Sleep Apnea portion of the 
Sleep Disorders Questionnaire identify patients with potential 
OSA (Box 67-5). Although obesity is a risk factor, patients with 
OSA do not have to be obese or have narrow upper airways. 
Overnight pulse oximetry has limited utility in OSA screening 
due to lack of sensitivity. Many individuals with normal lung 
function will not exhibit repetitive oxygen desaturations on 
overnight pulse oximetry and yet still have mild to moderate 
disease. The gold standard for diagnosis of OSA is attended 
polysomnography in which EEG, electro-oculography, electro-
myography, ECG, two parameters of respiratory flow (nasal 
temperature and nasal pressure), and chest and abdominal 
movements are monitored continuously. Unattended respira-
tory monitoring has recently been approved by the Center for 
Medicare Service for use in patients without cardiovascular or 
respiratory comorbidities, under the supervision of an experi-
enced sleep specialist.

DIFFErENTIAl DIAGNOSIS

The constellation of snoring, excessive sleepiness, and witnessed 
apnea is highly associated with OSA. Other disorders that may 
present with similar features include primary snoring, CSR with 
obstructive features, and obesity hypoventilation. Adding to the 
dilemma is that individuals may vary from night to night in the 
degree of upper airway obstruction. Although most patients do 
not jump from normal to severe categories, factors influencing 
upper airway patency such as alcohol, nasal congestion, and 
position may contribute significantly to severity.

MANAGEMENT AND THErAPy

Optimum Treatment

In addition to maximizing treatment of comorbid conditions, 
treatment options for OSA include CPAP therapy, surgery, 
custom-fit oral appliances, weight loss, and, in specific cases, 
positional therapy (Fig. 67-3). CPAP is the first-line therapy 
indicated for all patients with an AHI over 10 and those  
with an AHI between 5 and 10 with symptoms. Key points to 
successful compliance relate to education of the patient, com-
fortable mask or interface, quick response to therapeutic hurdles, 
and frequent patient follow-up. Oral appliances advancing the 
mandible are best targeted for patients with mild to moderate 
sleep apnea with appropriate dentition.

If a surgical approach is chosen, all three areas of concern  
in OSA (nose, retroglossal and retropalatal regions, and poste-
rior oropharynx) should be evaluated and treated to achieve  
best success. This may require several surgeries, possibly includ-
ing septoplasty, radiofrequency ablation of turbinates, genio-
glossus advancement, tongue reduction, bimaxillary advancement, 
uvulopalatopharyngoplasty, tonsillectomy, and adenoidectomy. 

Box 67-5 Individuals Who Need Further Evaluation 
for Obstructive Sleep Apnea

Snoring with:
Excessive daytime sleepiness
Insomnia

Excessive daytime sleepiness, insomnia, or snoring in:
Coronary artery disease
Heart failure
Hypertension
Stroke
Malignant arrhythmias
recurrent atrial fibrillation
Chronic obstructive pulmonary disease
Asthma
Neuromuscular disease
Metabolic syndrome
Diabetes type 2

Figure 67-3 Continuous positive airway pressure therapy for 
obstructive sleep apnea.
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Due to the complexity of etiology in central apneas, treat-
ment errors may arise by not recognizing the underlying drivers 
of the respiratory disturbance. Patients who use narcotics or 
respiratory suppressants should have medication minimized. 
Heart failure patients should have cardiac output maximized, 
and individuals who are CO2 or oxygen responsive should have 
therapies directed toward these drivers. Additionally, some indi-
viduals will need further pulmonary or neurologic evaluation to 
assess primary organ issues.

Cheyne-Stokes Respiration

CSR, a form of central apnea, is characterized by a repetitive 
crescendo-decrescendo pattern (Fig. 67-4). This breathing 
pattern is typically related to heart failure or central nervous 
system deficits. CSR is an example of an underdampened oscil-
lator, swinging from hyperventilation to hypoventilation. Classic 
CSR becomes more apparent during light sleep and improves  
in REM sleep and slow-wave sleep due to the diminished 
response to CO2. Underlying mechanisms of CSR include a 
high-sensitivity response to CO2 and hypoxemia, a high apnea 
CO2 threshold, and prolonged cardiac cycle time. In heart failure 
patients with CSR, sympathetic nervous system activity is higher 
during day and night as compared with healthy patients, and the 
presence of daytime CSR indicates a poorer prognosis.

Patients may present with symptoms of snoring at night, 
witnessed apneas, paroxysmal nocturnal dyspnea, frequent 
awakenings, and unrefreshing sleep. Clinicians should have a 
high index of suspicion. All patients with heart failure should be 
queried regarding the presence of symptoms of sleep-disordered 
breathing. Diagnostic polysomnography is the best study to 
detect this breathing disorder. Therapy for patients with  
CSR focuses on two key elements: maximization of cardiac 
output and improving ventilation. In some patients, supplemen-
tal oxygen and increasing end-tidal CO2 improve the ventilatory 
pattern, whereas other patients may need noninvasive ventilator 
support.

CSR is very sensitive to positive airway pressure and  
changes in overall health. Patients with heart failure should have 
the positive airway pressure titration performed once cardiac 
output is maximized. Patients with strokes should be re-titrated 
after brain function has stabilized, typically after 3 months. In 
both cases, a common error occurs by increasing the positive 
airway pressure settings, which often increases the central apnea 
component.

Obesity Hypoventilation

The true pickwickian syndrome describes an obese individual 
who is excessively sleepy and probably suffering from obesity 

Although not commonly performed since the introduction  
of CPAP, tracheostomy is curative, ensures compliance, and 
may be the best choice in morbidly obese patients. Often  
a combination of treatment approaches is used in severe  
cases. All patients with sleep-disordered breathing should avoid 
excessive alcohol intake and medications that suppress respira-
tory drive.

Avoiding Treatment Errors

Treatment errors typically occur in three realms: CPAP titra-
tion, device setup, and patient usage. CPAP titrations, to meet 
the gold standard of optimum therapy, must be performed in 
an accredited sleep center and result in complete resolution of 
breathing disturbance in the supine position in REM sleep. 
Treatment errors can arise if the titration does not demonstrate 
resolution of events in all sleep states or positions. Another 
pitfall may occur if the titration is not performed with the same 
physiologic challenges the patient incurs at home (e.g., allergies, 
alcohol, medication effect). Setup errors may occur from the 
assumption that the ordered therapy is the one delivered, or that 
the patient is using the device correctly. This can be avoided by 
physicians requiring patients to bring the device to the clinic 
and demonstrate its usage. Physicians can quickly determine 
patients’ proficiency with the equipment by watching patients 
don the mask and headgear and turn on the machine. Patients 
who have difficulty putting on the mask or are unaware of the 
power button are unlikely to be using the device. Compliance 
and pressure settings may be verified by examining the machine’s 
pressure setting, blower, and therapeutic hours (standard on all 
newer machines).

Central Sleep Apnea

CSA results from a loss of ventilatory drive and airflow for 10 
seconds or more. Brief respiratory pauses are commonly seen 
even in healthy individuals during transitions from wakefulness 
to light sleep. However, when these events become lengthy, 
frequent (more than five per hour), persist into deeper stages  
of sleep, and/or are accompanied by oxygen desaturations  
or arousals, daytime consequences may ensue. Central apneas 
typically indicate a dysfunction of the regulatory process con-
trolling breathing. CSR, one common form of central apnea, is 
described in the next section.

CSA, excluding CSR, may occur from endogenous brain 
dysfunction inducing a high CO2 apnea threshold, increased 
CO2 sensitivity, or abnormal primary respiratory cycling. 
Central apneas also occur with narcotic use, excessive alcohol, 
increasing age (over 65), and acute brain injury or stroke. Indi-
viduals with CSA may complain of insomnia or disrupted sleep, 
or have bed partners noting apneas. Clinicians should evaluate 
for underlying heart failure, alveolar hypoventilation, thyroid or 
neurologic disease, or drug use that suppresses respiratory drive. 
Maximal medical therapy for the underlying condition and 
removal of respiratory depressants are the primary treatments. 
Other treatment options include respiratory stimulants, supple-
mental oxygen, and bilevel positive airway pressure with a 
backup respiratory rate. The role of CPAP in these individuals 
is unclear at present but may be helpful.

Figure 67-4 Cheyne-Stokes respiration.
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hypoventilation syndrome. This disorder is defined as a body 
mass index greater than 30 kg/m2 and a resting arterial pCO2 
greater than 45 mm Hg. These individuals may present with 
daytime sleepiness, fatigue, unrefreshing sleep, insomnia, or 
morning headache, but may lack a history of snoring. Because 
of their large thoracic and abdominal girth, these patients have 
lower pulmonary functional reserve capacity and breathe at 
lower overall lung volumes in wakefulness. During sleep, the 
loss of muscle tone translates into further reduction of lung 
volume, resulting in events of prolonged oxygen desaturation. 
These events are more pronounced during REM sleep because 
of the associated atonia. Thus, the diaphragm must push unaided 
against a large abdomen. The diagnosis of sleep-related hypoven-
tilation is attained on overnight polysomnography with cali-
brated continuous end-tidal CO2 measurements and correlated 
with morning arterial blood gas sampling. A surrogate measure 
predicting obesity hypoventilation is venous bicarbonate levels 
greater than 27 mmol/L.

Untreated obesity hypoventilation is associated with higher 
posthospitalization mortality rates. Observational studies sug-
gest individuals with obesity hypoventilation experience higher 
rates of other vascular events, even when controlled for obesity. 
This syndrome can be readily treated with positive airway pres-
sure, but patients may require ventilation beyond pressure 
support.

other Sleep DiSorDerS

Restless Legs Syndrome

Restless legs syndrome (RLS) is defined by four criteria: an 
uncomfortable urge to move, the symptoms are improved by 
movement, the symptoms are made worse by rest, and there is 
a circadian pattern of increased symptoms in the evening (Box 
67-6). This disorder is associated with periodic limb movements 
in sleep, but these are not necessary for the diagnosis. In obser-
vational studies, individuals with RLS have higher risks of 
hypertension and potentially cardiovascular events. The mecha-
nistic link is unclear, and studies have yet to be performed 
showing the effect of treatment on vascular consequences. No 
studies have as yet been performed to show treatment reduces 
these associations. RLS is a complex disorder that requires 
investigation into potential etiologies such as renal failure, 
spinal cord disease, inherited neuropathy, anemia, and medica-
tions. Treatment focuses on improving underlying identifiable 
causes and symptom management, but currently it does not alter 
the disorder’s progression.

Cardiovascular Medications and Sleep

The commonly used cardiovascular medications have not  
been well studied in sleep, although some effects are known. 
Angiotensin-converting enzyme inhibitors commonly cause 

cough and low-grade nasal and pharyngeal edema, which may 
worsen OSA. In patients with OSA, angiotensin-converting 
enzyme inhibitors, when not producing airway edema, are more 
effective in lowering nocturnal blood pressures than are other 
choices. α2-adrenergic agonists such as clonidine cause a decrease 
in REM sleep and consequently the opportunity for REM-
related apnea events; however, these agents may exacerbate 
daytime somnolence. β-adrenergic antagonists (β-blockers) 
seem to have varying effects on lowering nocturnal versus 
daytime blood pressures but as a class do not provide significant 
reduction of nocturnal blood pressures related to sleep apnea. 
β-blockers are associated with fatigue, nightmares, insomnia, 
depression, and mental cloudiness. Diuretics dosed in the 
evening can result in significant nocturia and disruption of sleep. 
Conversely, some patients with hypersomnia are treated with 
stimulant medications that may increase daytime blood pressure 
and increase risk of cardiovascular events.

Future DireCtioNS

The complex interaction of sleep and cardiovascular diseases 
challenges astute clinicians to be aware of the diagnostic and 
therapeutic opportunities in sleep and heart health. Treatment 
of sleep-related breathing disorders offers great hope in provid-
ing reduction of risk of further events and mortality. CSR in 
sleep may serve as a marker of cardiac function. Current knowl-
edge highlights the importance of diagnosing and adequately 
treating sleep-disordered breathing to improve overall health 
and maximize function. However, research is needed to clarify 
these interactions and the impact of treatment of both  
cardiovascular disease and sleep.

Our understanding of the mechanisms involved in the effects 
sleep disorders have on the cardiovascular system is rapidly 
expanding. Further work is needed in understanding mecha-
nisms by which sleep balances the immune, autonomic, and 
endocrine systems, and how these pathways may be beneficial 
to the heart. Through these opportunities we can offer novel 
therapies that incorporate the circadian and neural systems in 
improving function and quality of life.
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Box 67-6 Criteria for restless legs Syndrome

Discomfort or urge to move
Worse with rest
Better with movement
More prominent in the evening
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Cardiovascular Toxicity of  
Noncardiac Medications

Eric H. Yang

S everal noncardiac medications have deleterious effects 
on the cardiovascular system. These effects can be  

classified as transient or permanent and can result in functional 
and/or structural abnormalities in the heart and vasculature. 
Cardiotoxic drugs with permanent structural effects are  
the most harmful and are the focus of this chapter. Shown  
in Box 68-1, these drugs can be classified based on the 
location of their cardiotoxic effects: myocardium, valves, or 
coronary arteries.

MyoCardial ToxiCiTy

Anthracyclines

Doxorubicin, daunorubicin, and idarubicin are anthracycline 
chemotherapeutic agents commonly used in the treatment of a 
large number of malignancies. Since the first use in the 1960s, 
several reports have linked high doses of doxorubicin to cardio-
myopathy. The cardiotoxic effects are almost certainly dose-
related. Cardiomyopathy occurs in approximately 4% of patients 
who receive a maximum lifetime dose of 550 mg/m2 of doxoru-
bicin or 450 mg/m2 of daunorubicin or idarubicin and in up 
to 18% of those treated with higher doses of the drugs. The  
risk of doxorubicin-induced (or daunorubicin- or idarubicin-
induced) cardiomyopathy is increased in patients who are older 
than 70 years of age, receive radiation therapy to the chest, and/
or have baseline structural heart disease. The exact mechanism 
of cardiotoxicity is unknown. Current thinking is that oxidative 
stress is increased in individuals treated with these drugs. Given 
its high metabolic demand, the heart is sensitive to changes in 
oxidative stress, and increases can result in cardiomyocyte apop-
tosis. The effects seem to be permanent but may be avoided 
with limited exposure and by pretreatment with β-blockers and 
angiotensin-converting enzyme inhibitors.

Trastuzumab

Approximately 25% of breast cancers overexpress the HER2 
(human epidermal growth factor receptor) protein or are  
associated with amplification of the HER2 gene. Trastuzumab 
(Herceptin; Genentech, South San Francisco, CA) is a mono-
clonal antibody specific to the extracellular domain of the HER2 
protein. When used in conjunction with conventional chemo-
therapy, trastuzumab improves survival in patients with breast 
cancer who are HER2-positive. Combined data from the initial 
clinical trials show that the occurrence of overt clinical heart 
failure is rare, but up to 14% of patients have an asymptomatic 
decline in their ejection fraction during therapy. The exact 
mechanism is unclear but appears not to involve free radical 
generation or oxidative stress. It has been proposed that trastu-
zumab may interfere with cell signaling within myocytes and 

inhibit the natural response to cardiac stress, which then results 
in an increased risk of irreversible loss of function when the 
myocytes are further stressed. Thus, unlike doxorubicin toxicity, 
trastuzumab toxicity may be reversible if the drug is discontin-
ued early. Left ventricular function in patients receiving trastu-
zumab therapy should be monitored closely, and any reduction 
in left ventricular function should prompt consideration of 
whether therapy can be discontinued or delayed.

Ethanol

Ethanol abuse has been demonstrated to result in dilated  
cardiomyopathy. Of patients with a history of excessive alcohol 
use longer than 10 years (>125 mL/day), approximately 20% 
develop cardiotoxicity. It was once thought that the pathophysi-
ology is related to nutritional deficiencies, but the mechanism 
may be more complex and probably involves ethanol itself as 
well as its metabolites. Ethanol is oxidized by alcohol dehydro-
genase to form acetaldehyde, which is believed to have direct 
cardiotoxic effects. In addition, ethanol can react with non-
esterified fatty acids to form fatty acid ethyl esters that interfere 
with mitochondrial function. During the early stages of ethanol-
induced cardiomyopathy, the effects are reversible with cessa-
tion of alcohol intake. The cardiotoxic effects, however, become 
permanent in the latter stages and cannot be reversed with  
cessation of alcohol use.

Hydroxychloroquine

The antimalarial drug chloroquine and its oxidized metabolite 
hydroxychloroquine have been used extensively in the treatment 
of systemic lupus and rheumatoid arthritis. Excessive use results 
in retinopathy, neuropathy, as well as myopathy. Several case 
series and reports have also shown that long-term use at high 
doses can result in cardiotoxic effects, including conduction 
disorders, as well as a hypertrophic cardiomyopathy. On light 
microscopy, chloroquine cardiomyopathy seems to be similar to 
Fabry’s disease; however, the two can be distinguished with the 
use of electron microscopy. Curvilinear bodies can be seen in 
the myocardium of patients with chloroquine-induced cardio-
myopathy but are absent in Fabry’s disease. The exact mecha-
nism and prognosis of the disease are unknown.

ValVular ToxiCiTy

Phentermine and Fenfluramine

Phentermine and fenfluramine were initially approved by the 
U.S. Food and Drug Administration (FDA) as individual appe-
tite suppressant agents in 1959 and 1973, respectively. Both 
agents are synthetic analogues of amphetamine. Fenfluramine 
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Box 68-1 Classification of Cardiotoxic Medications

Myocardial Toxicity

Anthracycline derivatives
Trastuzumab
Ethanol
Chloroquine, hydroxychloroquine

Valvular Toxicity

Phentermine and fenfluramine
Ergot alkaloids

Ergotamine
Methysergide
Pergolide

Coronary artery Toxicity

Protease inhibitors

Figure 68-1 Chemical structures of amphetamine, 
phentermine, and fenfluramine.
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also inhibits presynaptic reuptake of serotonin (Fig. 68-1). 
Combination use of the two drugs became prevalent in the 
1980s, and by the late 1990s, case reports on an unusual valvular 
disease in patients taking combination therapy were published. 
The mitral, aortic, and tricuspid valves were reported to be most 
affected. Acquired abnormalities of the mitral valve included 
thickening of the anterior leaflet and immobilization of the 
posterior leaflet, resulting in mitral regurgitation. Aortic valve 
involvement included valve thickening along with retraction of 
the leaflets resulting in aortic valve insufficiency. The anterior 
leaflet of the tricuspid also becomes thickened and immobile 
with subsequent tricuspid regurgitation. These observations 
resulted in an FDA investigation that revealed significant  
valvular abnormalities in approximately 25% of patients  
receiving combination phentermine and fenfluramine therapy. 
Both drugs were then withdrawn from the market. The exact 
pathophysiology is still not completely understood. Notably, 
however, the valvular abnormalities resemble those seen in indi-
viduals with serotonin-producing tumors—suggesting that  
serotonin itself may be important in the valvular abnormalities 
that were reported.

Ergot Alkaloids

Ergotamine and methysergide are serotonin analogues that have 
been used for the treatment of migraine headaches (Fig. 68-2). 
Long-term use of these agents has been associated with mitral 
and aortic valvular disease. Both compounds can cause a carci-
noid-like fibrotic reaction on the endomyocardial surface of  
the aortic and mitral valves. The subvalvular structures can  
also be affected. The exact mechanism is not known but, as  
with phentermine and fenfluramine, may involve the drugs’ 
serotonin-like effects.

Pergolide is an ergot-derived dopamine receptor agonist that 
has been used in the treatment of patients with Parkinson’s 
disease. Long-term use has been associated with pericardial 
fibrosis. In some patients, restrictive mitral valve disease has also 
occurred. As with the other ergot derivatives, the mechanism is 
believed to involve its serotonin-like effects. As a result of these 
safety concerns, pergolide was voluntarily withdrawn from the 
U.S. market in March 2007.

CoroNary arTery ToxiCiTy

Protease Inhibitors

Highly active antiretroviral therapy (HAART) has become  
the cornerstone of treatment for HIV/AIDS. Several classes of 
drugs are commonly used, including protease inhibitors. Since 
their approval in 1995, there has been concern that there may 
be an increased risk of myocardial infarction (MI) in individuals 
who receive long-term HAART. Evaluation of data from a pro-
spective observational study of 23,437 patients revealed that use 
of protease inhibitors for longer than 6 years resulted in a four-
fold increase in the incidence of MI. The mechanism for 
increased cardiac events probably involves the dyslipidemia 
caused by protease inhibitors along with the traditional cardiac 
risk factors present in patients using these medications. Other 
mechanisms may also contribute, since the odds ratio for MI 
was 1.10 after adjustment for lipid levels as well as other tradi-
tional risk factors. For most individuals receiving HAART, the 
benefit from suppression of HIV outweighs the risk of MI. 
However, given the increased risk associated with dyslipidemia, 
most centers recommend concurrent administration of a statin 
to individuals receiving HAART.

CoNClusioN

In summary, long-term use of several different classes of clini-
cally useful drugs has been shown to result in cardiotoxicity. For 
some medications the effects are reversible if detected during 
the early phases of therapy. Appropriate cardiac monitoring and 
cardioprotective strategies should be implemented in all patients 
using these medications.

FuTure direCTioNs

Cardiotoxicity is an uncommon but serious adverse effect of 
pharmacologic agents used to treat both cardiac and noncardiac 
disease in humans. Cardiotoxicity, however, was formerly not 
an end point in many Phase II and III trials. The growing 
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Figure 68-2 Chemical structures of serotonin, ergotamine, methysergide, and pergolide.
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concern over long-term cardiac effects will hopefully lead to a 
greater portion of safety studies that look at potential harmful 
cardiac effects of new medications.
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Sudden Cardiac Death in Athletes

Willis Wu and Marschall S. Runge

M ore Americans than ever engage in athletics—from 
occasional exercisers to highly competitive, high-profile 

amateur and professional athletes. Sudden death in athletes, 
especially from cardiovascular causes, is an uncommon occur-
rence, with an estimated prevalence of 1 in 200,000 athletes per 
year. Despite this low prevalence, sudden death in athletes is a 
noteworthy event for the media and the community for many 
reasons: athletes often enjoy celebrity status in American culture, 
athletes are typically young, and their deaths are deemed to be 
tragically premature. Moreover, their deaths contradict popular 
perception that young athletes personify health and vitality. As 
the number of highly trained athletes increases, more attention 
has been placed on the cardiovascular assessment of athletes as 
well as physicians’ abilities both to diagnose potentially lethal 
diseases and to prevent early death.

CAuSeS of SuDDen CArDiAC  
DeAth in AthleteS

Epidemiologic evidence suggests that sudden death in young 
athletes, ages 12 to 40 years, occurs more often in males than 
females, and that participation in basketball and football is 
implicated in greater than two thirds of cases. Of deaths not 
related to trauma or accidents, 90% occur during or immedi-
ately following a training workout or an athletic event. While 
the most common cause of death in athletes at least 35 years of 
age is coronary atherosclerotic disease, the two most common 
causes of cardiovascular death in younger athletes are hypertro-
phic cardiomyopathy (HCM; 36%) and anomalous origin of 
coronary arteries (17%). Among other cardiovascular causes of 
death, rupture of an aortic aneurysm associated with Marfan’s 
syndrome, mitral valve disease, dilated cardiomyopathy, aortic 
stenosis, and arrhythmogenic right ventricular cardiomyopathy 
account for 2% to 6% of cases, while drug abuse, long QT 
syndrome, cardiac sarcoidosis, and other cardiovascular causes 
account for 0.5% to 1% of cases. Commotio cordis represents 
the most frequent cause of traumatic death in athletes and is the 
etiology of death in approximately 20% of cases. Other causes 
of traumatic death include head and spine injuries from bodily 
contact, and even vascular injury to coronary, vertebral, and 
internal carotid arteries from incoming projectile objects such 
as balls and hockey pucks. The challenge for physicians evaluat-
ing athletes for cardiac risk is to rule out potentially lethal 
pathology that could lead to sudden cardiac death. This chapter 
focuses on four of the common causes of sudden cardiac death 
that must be considered in evaluation of athletes.

Hypertrophic Cardiomyopathy

HCM, transmitted in an autosomal-dominant fashion, results 
from mutations in any of 10 genes that encode specific con-
stituents of the cardiac sarcomere. Over 200 mutations have 
now been identified. The most common mutations involve the 

β-myosin heavy chain and myosin-binding protein C. The esti-
mated prevalence of HCM in the healthy, young, general popu-
lation has been estimated at 0.17% in the United States. 
Worldwide, the prevalence of HCM in athletes is probably 
lower, estimated at approximately 0.07%. Although the preva-
lence is low, early diagnosis of HCM is crucial for those engaged 
in competitive sports because of the risk of sudden cardiac death. 
The risk of sudden cardiac death in individuals with HCM varies 
considerably, depending on the causative mutation and other 
genetic and environmental factors that are not fully understood. 
Because it is not possible at present to define HCM individuals 
who have minimal risk, and because competitive and even stren-
uous exercise are associated with sudden cardiac death across 
the spectrum of HCM, most experts recommend against com-
petitive athletics in individuals with HCM. Furthermore, indi-
viduals with HCM identified through this kind of screening 
should also be considered for potentially lifesaving therapy, 
including cardioverter-defibrillator implantation, depending on 
numerous factors.

Ventricular tachycardia and ventricular fibrillation are the 
most frequent etiologies of sudden cardiac death in patients  
with HCM. The six features associated with greatest risk for 
sudden cardiac death are prior cardiac arrest or sustained ven-
tricular tachycardia, family history of one or more premature 
HCM-related deaths, syncope, hypotensive blood pressure 
response to exercise, multiple or prolonged episodes of nonsus-
tained ventricular tachycardia on ambulatory monitoring,  
and left ventricular (LV) wall thickening greater than 30 mm 
(Fig. 69-1).

Because the hearts of highly conditioned athletes are often 
enlarged and proportionally hypertrophied, it is equally impor-
tant not to label individuals with an “athlete’s heart” as having 
HCM. Cardiac enlargement and hypertrophy in athletes may 
simply represent a physiologic response to increased myocardial 
demand in training, and after cessation of vigorous training 
these changes can resolve over time. Doppler echocardiography 
can help distinguish normal athletes’ hearts from HCM. Normal 
diastolic filling patterns are generally present in enlarged and 
hypertrophied athletes’ hearts, whereas the hearts of patients 
with HCM show abnormal diastolic function including decreased 
early peak flow velocity, slowed deceleration of early diastolic 
flow velocity, and increased late peak flow velocity associated 
with atrial systole. Besides echocardiography, metabolic exercise 
stress testing can distinguish HCM from athlete’s heart; specifi-
cally, athletes with LV hypertrophy without HCM can achieve 
a peak maximum oxygen consumption of 50 mL/kg/min, but 
athletes with true HCM generally cannot. Cardiac MRI has also 
emerged as a useful tool in HCM diagnosis and may be even 
more sensitive than echocardiography in identifying areas of 
hypertrophy, especially in the anterolateral wall.

Traditionally, screening tools for HCM include a history and 
physical examination along with ECG and echocardiogram. 
Screening for HCM typically begins at age 12, unless there are 
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figure 69-1 Sudden cardiac death in hypertrophic cardiomyopathy.

Superior vena cava

Right auricle

Left atrium

Aortic valve

Membranous septum
(interventricular part)

Mitral valve

Intraventricular septum

Anterior papillary muscle

Although not always the case, massive hypertrophy of the
intraventricular septum is common in hypertrophic cardiomyopathy.

Hypertrophic cardiomyopathy is the most common
cause of sudden cardiac death in young athletes.
Although athletes may have prodromal symptoms
of presyncope, an initial presentation of sudden
loss of consciousness is common in these individuals.

V1

I II III aVR 

V2 V4 V5 V6

aVL aVF

V3

factors that would provoke an earlier or a more in-depth evalu-
ation, including a family history of premature death related  
to HCM, onset of symptoms, other evidence of early LV  
hypertrophy, or participation in competitive athletics requiring 
intense physical training. Generally, screening with traditional 
methods has been recommended every 12 to 18 months between 
ages 12 and 21, when adult physical maturity is achieved. Evi-
dence indicates that phenotypic appearance of HCM can occur 
well into adulthood and, in some mutations, as late as in the fifth 
or sixth decade of life. Thus, the absence of morphologic char-
acteristics of HCM at early adulthood should not be viewed as 

conclusively ruling out HCM for either patients or practitio-
ners. Recent recommendations have suggested continuing 
screening with serial ECGs and echocardiograms at 5-year 
intervals into midlife and perhaps beyond.

Because patients with HCM may not manifest symptoms or 
signs of hypertrophy until later in life and because phenotypic 
expression is so variable even among family members, athletes 
with a positive family history for HCM should be considered 
for further testing, to include echocardiography and MRI. 
Genetic analysis of families with certain HCM mutations has 
demonstrated that not all individuals who carry the mutation 
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show phenotypic or imaging evidence of HCM. Thus, many 
experts now also recommend genetic testing for individuals with 
a family history of HCM. Although some genotype-phenotype 
correlation studies suggest that mutations in some genes are 
“malignant” (associated with a high incidence of sudden cardiac 
death) while other mutations are “benign” (associated with a 
normal life expectancy), other studies have illustrated that 
patients with either the malignant or benign genotype can have 
a variable clinical course. Because of this variability, athletes 
identified as having any mutation associated with HCM should 
be considered high risk for sudden death.

Coronary Artery Anomalies

Congenital coronary artery anomalies account for a significant 
proportion of sudden death in athletes in the United States, 
especially in athletes age 35 or younger. Screening for these 
abnormalities is difficult, because initial clinical suspicion is 
lacking and routine testing is unable to identify this particular 
abnormality. Individuals with anomalous coronary arteries 
often have repetitive episodes of myocardial ischemia and/or 
microinfarcts that can result in an increased risk for ventricu-
lar arrhythmias. Ventricular tachycardia and ventricular fibril-
lation are the most common causes of sudden cardiac death in 
individuals with congenital coronary anomalies. Other poten-
tial causes of death include obstruction or closure of a slitlike 
ostium, spasm of the anomalous coronary artery, compression 
of the anomalous artery (due to vigorous myocardial contrac-
tion), and endothelial injury. Early identification of coronary 
abnormalities is particularly important, because intense physi-
cal activity should be avoided before surgical correction. At 
this time, coronary artery bypass grafting remains the therapy 
of choice, but other investigations are exploring the efficacy  
of reimplanting the anomalous vessels into the proper coro-
nary sinus.

A review of two large U.S. and Italian registries demon-
strated that the most common coronary artery anomalies 
included abnormal origin of the left main coronary artery from 
the right aortic sinus and origin of the right coronary artery 
from the left sinus.

On pathologic examination, hearts with this anomaly dem-
onstrate a sharp takeoff of the artery at the ostium of the 
improper aortic sinus as well as an anatomic course passing 
between the aorta and the pulmonary trunk. In some specimens, 
the proximal portion of the anomalous artery was intramural 
and contained within the aortic wall. Many specimens had evi-
dence of acute ischemia, including contraction band necrosis, 
wavy fibers, and early neutrophilic infiltrate in the myocardial 
territory supplied by the anomalous artery. There was also evi-
dence of chronic ischemic injury and patchy replacement-type 
fibrosis. These pathologic specimens support the hypothesis 
that both acute and chronic ischemic injuries predispose  
athletes with anomalous coronary arteries to fatal ventricular 
arrhythmias. The majority of patients who died as a result of 
having anomalous coronary arteries were male and 60% were 
Caucasian, with the others being African American or Asian. 
Deaths have occurred at all levels of competitive athletics, from 
teenagers in amateur recreational sports to collegiate and pro-
fessional athletes.

Although their diagnosis remained undetected, more often 
than not the athletes admitted to prior signs and symptoms of 
cardiovascular disease, including syncope, chest pain, dizziness, 
and palpitations. Of the 27 athletes identified in one review as 
having died from an anomalous origin of a coronary artery, 4 
had reported at least one prior episode of syncope, and in 2 
athletes, the syncopal episode occurred within 11 to 24 months 
of death. Recurrent syncope had occurred in 2 individuals who 
later died. Five athletes experienced chest pain, usually during 
physical exertion. In some cases, the chest pain occurred within 
a few days of death, while in others it occurred within 24 months 
of death. The presence of symptoms should alert the clinician 
to perform further evaluation. Importantly, routine noninvasive 
examinations may be misleading; 9 patients had ECGs per-
formed before death, all of which were within normal limits. Six 
of the athletes underwent exercise stress testing, all the results 
of which were within normal limits. Two athletes had two-
dimensional echocardiograms performed that were both normal. 
CT angiography is now capable of defining anomalous coronary 
arteries and should be considered in individuals with worrisome 
symptoms but normal examinations, ECGs, echocardiograms, 
and stress tests.

Commotio Cordis

Commotio cordis refers to a blunt, nonpenetrating blow to the 
chest wall that results in sudden cardiac death. Based on experi-
mental data, it is thought that commotio cordis primarily occurs 
only when chest trauma occurs just before the peak of the T 
wave during repolarization. In a swine model of commotio 
cordis, it was demonstrated that the vulnerable point in the 
cardiac cycle was between 15 and 30 ms before the peak of the 
T wave. In this model, 90% of the chest blows (either with a 
ball or a wooden bat) during this portion of the cardiac cycle 
induced ventricular fibrillation. Blows to the chest outside of 
this time period did not induce ventricular fibrillation but  
did produce brief episodes of polymorphic ventricular tachy-
cardia. In settings of electrolyte abnormalities or underlying  
cardiac disease, the induction of polymorphic ventricular tachy-
cardia may also result in ventricular fibrillation and sudden 
cardiac death. Complete heart block, ST-segment elevation, and 
left bundle branch block were observed when impacts to the 
chest occurred during the QRS complex and not during the 
vulnerable phase. Complete heart block was only observed with 
chest blows during the QRS complex and not with impacts at 
other times during the cardiac cycle. Coronary angiography 
performed after blunt injury did not reveal significant coronary 
artery abnormalities, such as spasm, dissection, or stenosis,  
consistent with the idea that the cause of sudden cardiac death 
was arrhythmic (Fig. 69-2).

Commotio cordis has been reported in athletes engaged in 
sports involving a projectile ball, including baseball, softball, 
cricket, basketball, soccer, and lacrosse, as well as other sports 
such as hockey and martial arts. In a large series of 128 docu-
mented cases of commotio cordis, 58% of events occurred 
during baseball or softball games whereas 16% of events 
occurred during hockey games. Most cases of commotio  
cordis during athletic events involved a projectile causing  
blunt force to the chest wall. Most of these projectiles were  
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balls composed of a solid core rather than an air-filled ball  
(i.e., soccer or basketball). Nonprojectile causes of commotio  
cordis included bodily contact between players with a shoulder, 
elbow, knee, or foot. Of particular importance is that a large 
percentage of commotio cordis events occurred during recre-
ational activities outside of organized sports, including those 
residential backyards and homes. One such episode included a 
5-year-old child who died after being struck in the chest by  
a plastic sledding saucer; another involved a man who died  
after his friend struck him on the chest to help alleviate his 
hiccups.

Survival of commotio cordis is probably related to timing of 
resuscitative efforts. Of the 128 cases documented in this series, 
106 had cardiopulmonary resuscitation performed, mostly by 
trained professionals, including physicians, nurses, firefighters, 
and emergency medical services technicians. Of the 68 cases  
in which cardiopulmonary resuscitation was initiated within 
approximately 3 minutes or less, 17 patients survived. When 
cardiopulmonary resuscitation was initiated after 3 minutes, 
only 1 person out of 38 survived.

Although commotio cordis can occur with both hard and soft 
objects, there does seem to be a correlation between the object’s 
hardness and the induction of ventricular fibrillation. In the 

swine model discussed previously, a wooden object simulating 
a bat and four types of baseballs with varying degrees of hard-
ness were used to strike the chest wall: very soft (designed for 
5- to 7-year-olds), medium-soft (designed for 8- to 10-year-
olds), least soft (designed for children 11 years and older), and 
regulation Little League. There was a significant difference 
between the very soft baseball and the regulation Little League 
baseball, with the very soft baseball inducing ventricular fibril-
lation in 2 of 26 blows to the chest and the regulation baseball 
inducing ventricular fibrillation in 8 of 23 impacts. There was 
also a significant difference in induction of ventricular fibrilla-
tion between the wooden object and all baseballs. Blows to the 
chest with the wooden object resulted in ventricular fibrillation 
90% of the time, whereas ventricular fibrillation occurred after 
impact with baseballs at a maximum frequency of 35% with the 
regulation baseballs. Unfortunately, commercially available 
protective equipment does not provide a total safeguard against 
death. The impact from a baseball traveling at 40 miles per hour 
can induce ventricular fibrillation up to 49% of the time despite 
the use of commercially available protective chest gear. Simi-
larly, lacrosse chest protectors allowed ventricular fibrillation to 
occur up to 50% of the time when impact was delivered with a 
lacrosse ball traveling at 40 miles per hour.

figure 69-2 Mechanism of sudden cardiac death in commotio cordis.
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Marfan’s Syndrome

Marfan’s syndrome is a connective tissue disorder inherited in 
an autosomal-dominant pattern that can present with any of 
several manifestations including involvement of the cardiovas-
cular, musculoskeletal, dermatologic, neurologic, ophthalmo-
logic, and gastrointestinal systems. It is most commonly the 
result of mutations of the fibrillin 1 gene (also called FBN1), 
which is located on chromosome 15. FBN1 is a glycoprotein 
that composes the predominant structural foundation of  
the extracellular matrix in elastic and nonelastic tissue. In the 
medial layer of the arterial wall, defective fibrillin glycoproteins 
elongate, causing arterial dilatation and formation of arterial 
aneurysms.

The prevalence of Marfan’s syndrome is estimated to be 1 in 
5000, although the percentage of highly trained athletes with it 
is not accurately known. Diagnosis is based on the Ghent nosol-
ogy; patients without a family history of Marfan’s need to fulfill 
major criteria in two different organ systems and have a third 
organ involved, whereas those with a confirmed mutation in 
FBN1 or a positive family history of Marfan’s only require one 
major criterion and involvement in one other organ system.

The most serious cardiovascular complication of Marfan’s 
syndrome is aneurysm development, most commonly in the 
ascending aorta. Both the increased wall stress that occurs with 
aneurysmal dilatation and defects in the medial layer of the aorta 
predispose Marfan’s patients to the risk of sudden death result-
ing from aortic dissection and/or rupture. Because the aortic 
root and proximal aorta are the most commonly involved seg-
ments, careful evaluation of Marfan’s patients for aortic insuf-
ficiency from aortic root dilatation should be performed on a 
regular basis. Individuals with Marfan’s also commonly present 
with mitral valve prolapse, with or without significant valvular 
regurgitation. Rupture of chordae tendineae may be present as 
well. Careful chest auscultation for these specific murmurs 
during preparticipation screening of athletes can be helpful in 
identifying otherwise undiagnosed Marfan’s syndrome.

Extracardiac manifestations of Marfan’s vary. Typical fea-
tures, alone or in combination with other classic characteristics, 
should raise the possibility of the diagnosis. The general appear-
ance includes a tall and thin body habitus, with long arms and 
an arm span that often exceeds the patient’s vertical height. 
Ligamentous and tendon laxity with hyperextensibility of joints 
are typical features. Other musculoskeletal complications can 
include a pectus carinatum or excavatum. Spinal curvature has 
been described as well, with kyphosis being more common than 
scoliosis or lordosis. Striae atrophicae can be present in areas 
prone to stress through stretching of the skin. Myopia is a 
common ophthalmologic complication, and lens dislocation is 
present in up to three quarters of affected individuals. Slit-lamp 
examinations should be performed to evaluate for this poten-
tially serious complication. Pulmonary features include an 
increased risk of emphysema and spontaneous pneumothorax. 
Early development of abdominal hernias may be one of the 
gastrointestinal warning signs of Marfan’s. Neurologic sequelae 
are seen with dural ectasias.

Evaluation of Marfan’s syndrome patients with transthoracic 
echocardiography or other methods should be performed 

regularly (many authors recommend yearly and more frequently 
if any interval changes are present) to monitor for aortic dilata-
tion. Individuals with Marfan’s syndrome should be restricted 
to low-impact exercising such as walking, biking, and swim-
ming, with the goal of working at half of maximum capacity and 
maintaining a pulse rate less than 100 to 110 bpm to decrease 
shear forces on the aorta. Contact sports or other activities 
involving rapid acceleration and deceleration should be avoided.

The mainstay of therapy to slow or halt progression of aortic 
dilation and to improve survival has been the use of β-blocking 
drugs. However, studies have suggested that angiotensin- 
converting enzyme inhibitors and angiotensin receptor block-
ers, through inhibition of transforming growth factor-β, may 
also be efficacious in slowing aortic root enlargement. Pro-
phylactic surgical correction of aortic root aneurysms is  
recommended when the diameter reaches 50 to 55 mm. Earlier 
intervention may be warranted if other high-risk features are 
present, including family history of aortic dissection, rapid 
expansion of aneurysm, or significant aortic regurgitation, or 
before major noncardiovascular surgery.

StruCturAl ChAngeS of the heArt 
AS A reSult of intenSe trAining

Distinguishing hearts that have become enlarged with training 
from those due to HCM or other cardiovascular syndromes is 
both challenging and important. As noted, physiologic adapta-
tions of the heart to intense exercise include ventricular dilata-
tion and hypertrophy. These findings were first described over 
a century ago in cross-country skiers and were deemed at that 
time to be benign and even advantageous structural changes that 
could produce enhanced cardiac output. Cardiac adaptations to 
aerobic exercise, such as long-distance running and swimming, 
differ from those that occur in response to anaerobic exercise, 
for instance weight-lifting. Physiologic changes attributed to 
aerobic exercise include increases in maximum oxygen con-
sumption, stroke volume, and cardiac output, and decreased 
peripheral vascular resistance. In contrast, predominantly anaer-
obic “resistance” exercise produces mild increases in maximum 
oxygen consumption and cardiac output, but much larger 
increases in blood pressure, peripheral vascular resistance, and 
heart rate. As a result, the impact of aerobic and anaerobic 
exercise on the structural morphology of the heart varies. 
Aerobic/endurance-type sports such as endurance cycling and 
swimming increase LV end-diastolic dimensions and increase 
LV wall thickness of similar magnitude such that the heart is 
enlarged but in appropriate proportions. In elite aerobic athletes 
with cardiac enlargement, deconditioning for 5 years causes 
regression of LV chamber enlargement, LV hypertrophy, and 
increased LV mass. Aerobic/power sports such as weightlifting 
and wrestling have much more of an effect on wall thickness 
than internal dimension, and regression to normal is often only 
partial (Fig. 69-3).

As noted earlier, the term “athlete’s heart” refers to the heart 
of a highly trained athlete that has undergone physiologic 
changes secondary to the intense physical training. It is often 
difficult to distinguish athlete’s heart from pathologic condi-
tions. Between one third and half of athletes have an LV 
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figure 69-3 Left ventricular hypertrophy resulting from aerobic training.
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dimension larger than 55 mm, and 14% have an LV dimension 
larger than 60 mm. Intraventricular septal hypertrophy, a  
hallmark of HCM, is not as prevalent in athlete’s hearts.  
Only 1.1% to 1.7% of elite athletes have a wall thickness of at 
least 12 mm. When an athlete’s LV thickness falls on the 
boundary between physiologic adaptation to training and true 
pathology (i.e., 13–15 mm), other factors may have to be con-
sidered to make an accurate distinction. For example, an LV 
cavity dimension greater than 55 mm, evidence of regression  
of LV thickness with deconditioning, and a normal Doppler 

diastolic filling pattern all suggest a diagnosis of athlete’s heart 
and not HCM.

DiAgnoStiC ApproACheS

Electrocardiographic Findings in  
Elite Athletes

Although the ECGs in highly trained athletes may be normal 
up to 60% of the time, often distinct abnormalities are present. 
These include repolarization abnormalities, increased voltages 
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suggestive of LV hypertrophy, atrial chamber dilatation, Q 
waves, and T-wave abnormalities. It can be difficult to discern 
whether these abnormalities are simply physiologic changes 
from intense training or if they represent true pathology. Con-
ventional wisdom has been that repolarization abnormalities on 
ECG do not necessarily imply significant clinical implications 
in athletes. While this may be true in general, long-term marked 
repolarization abnormalities are associated with a somewhat 
increased long-term risk of cardiac abnormalities. One study 
compared the long-term outcomes of athletes with normal 
ECGs and no evidence of structural heart disease to those with 
markedly abnormal repolarization abnormalities on resting 
ECG (defined as inverted T waves >2 mm in depth in at least 
three leads, but exclusive of lead III, and predominantly in the 
precordial leads V2 through V6) but without evidence of struc-
tural heart disease. Significant repolarization abnormalities were 
found in 1% of the total population of athletes. Of athletes with 
repolarization abnormalities, 6% developed later manifestations 
of cardiomyopathy, including HCM and dilated cardiomyopa-
thy. Seven percent of athletes later demonstrated evidence of 
cardiovascular disease, including systemic hypertension, coro-
nary atherosclerosis requiring bypass grafting, myocarditis, and 
supraventricular tachycardia requiring ablation. Importantly, 
however, none of the athletes in the control group (normal 
ECGs) developed a cardiomyopathy, and only 2% developed 
cardiovascular disease, including myocarditis, pericarditis, and 
supraventricular tachycardia. The overall incidence of cardio-
vascular disease was 14% in those with repolarization abnor-
malities, compared with 2% in the control group.

Premature ventricular contractions frequently can be seen on 
ECGs of highly trained athletes as well, but whether these 
changes represent true pathology is unclear. One study found 
that 7% of athletes who complained of palpitations or who had 
three or more premature ventricular contractions on their ECG 
had concomitant cardiac abnormalities, including mitral valve 
prolapse, valvular regurgitation, arrhythmogenic right ventricu-
lar cardiomyopathy, myocarditis, and dilated cardiomyopathy. 
Many of these patients also had nonsustained ventricular tachy-
cardia. Despite these abnormalities, the frequency of death in 
this population was quite low. For those athletes who do show 
premature ventricular beats or ventricular tachycardia on ECG 
or Holter monitor, withdrawal from training can significantly 
decrease the amount of ventricular ectopy.

Screening

There is a precedent for nationwide screening of athletes. The 
Italian government has implemented legislation intended to 
screen sports participants for potentially life-threatening dis-
eases. In 1963, a program targeting elite athletes, those partici-
pating at a national or international level, was implemented and 
run by the Institute of Sports Science. Medical care for these 
elite athletes includes screening for cardiac disease, including 
routine use of 12-lead ECG, exercise stress test, and echocar-
diography. In addition, athletes were subject to general and 
orthopedic physical examinations, routine blood tests, evalua-
tion of nutritional habits, chest x-ray, and physiologic evalua-
tion. In 1971, the Italian government broadened its screening 
program and enacted the “Medical Protection of Athletic 

Activities,” a formalized screening program for citizens of all 
ages participating in organized athletics at any level. Revised in 
1982, this legislation mandated that citizens participating in 
official competitive sports activities pass periodic examinations 
intended to screen for potentially life-threatening conditions. 
This law affects approximately 6 million citizens, representing 
10% of the entire population. Yearly physical examinations, 
12-lead ECG, and submaximal exercise tests are required for 
this population with further testing required if clinically indi-
cated. Of approximately 22,000 elite athletes screened by the 
Institute of Sport Science from 1963 through 1995, 2.2% were 
withheld from competition because of cardiovascular abnor-
malities. Of these disqualified participants, 0.6% died after 
ignoring medical advice to stop competing.

Interestingly, in the general athletic population in Italy the 
most common cause for sudden death in athletes was deter-
mined to be right ventricular cardiomyopathy, unlike in North 
America, where HCM is the predominant cause of sudden death 
(Fig. 69-4). One possible explanation for this difference is that 
the national screening program in Italy is designed to identify 
and subsequently disqualify those with HCM before they can 
participate in athletics.

Unlike the European Society of Cardiology recommenda-
tions, the American Heart Association (AHA) does not advocate 
routine use of noninvasive testing such as ECG as part of pre-
participation screening. The rationale for this stance is primarily 
logistical. The vast number of athletes to be screened (over 10 
million), the low prevalence of significant cardiovascular disease 
causing sudden death in this population, the economic burden 
(estimated at approximately 2 billion dollars per year), and  
the lack of physician and health care provider resources to 
execute such a plan are significant impediments to being able to 
successfully screen athletes in the United States. In addition, 
given the prevalence of ECG abnormalities in athletes (both 
physiologic and pathologic), the high rate of false-positive 
results could lead to further testing (thus increasing economic 
costs) and could also have psychological consequences on the 
athlete. The AHA does recommend follow-up screening 2 years 
after the initial evaluation for a small subset of high-school 
athletes, and each subsequent year for the same subset of college 
students.

Death in U.S. student athletes, although rare—occurring  
in 1 in 200,000 students per academic year—is a devastating 
occurrence. As a result, efforts have been implemented to  
screen for cardiovascular disease in this population. The updated 
2007 AHA recommendations for preparticipation screening  
in competitive athletes include five components of personal 
history (exertional chest pain/discomfort, unexplained syncope/
near-syncope, excessive exertional and unexplained dyspnea/
fatigue associated with exercise, elevated systemic blood pres-
sure, and prior recognition of a heart murmur); three compo-
nents of family history (premature death before age 50 years due 
to heart disease in one or more relatives, disability from heart 
disease in a close relative younger than 50 years of age, or spe-
cific knowledge of certain cardiac conditions in family members 
including hypertrophic or dilated cardiomyopathy, long QT 
syndrome or other ion channelopathies, Marfan’s syndrome, or 
clinically important arrhythmias); and four components of the 
physical examination (heart murmur, femoral pulses to exclude 
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aortic coarctation, physical stigmata of Marfan’s syndrome, and 
brachial artery blood pressure) that should be evaluated before 
participation in competitive athletics.

Although similar recommendations have been published 
since 1996, they have not been adhered to adequately. A recent 
study evaluated the preparticipation screening process for 625 
colleges and universities; only 26% of schools utilized at least 9 
of the 12 recommendations outlined by the AHA panel, and 
24% of the schools utilized 4 or fewer of the recommendations. 
The recommended items in the personal and family history 
were included in 9% to 75% of the school’s preparticipation 
forms. Recommended physical examination items including 

assessment of blood pressure and heart murmurs were included 
on approximately 99% of the forms, but screening for Marfan’s 
syndrome and evaluation of femoral pulses were only included 
on 2% of the forms. Most screening was performed by ortho-
pedic surgeons, family practitioners, internal medicine physi-
cians, and pediatricians, in descending order of frequency. Only 
5% of the physicians performing the screening had formal  
cardiovascular training. Only 7% of the schools performed non-
invasive testing with ECG, exercise stress testing, echocardiog-
raphy, or chest x-ray on a routine basis.

Screening practices for American professional athletic  
teams are more uniformly applied, probably because of the 

figure 69-4 Algorithm for the diagnosis of hypertrophic cardiomyopathy (HCM). CM, cardiomyopathy; CT, computed tomography; 
LVH, left ventricular hypertrophy; MRI, magnetic resonance imaging.
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smaller sample size and greater financial resources. A recent 
survey of 122 professional teams, representing the four major 
professional leagues (National Hockey League, Major League 
Baseball, National Football League, and the National Basketball 
Association), demonstrated that personal and family history 
taking, in addition to physical examination, were required  
by 94% of these teams. Similarly, 97% of these teams also 
required annual cardiovascular screening. Cardiovascular spe-
cialists were involved in the screening process for 30% of the 
teams, which is substantially higher than that for collegiate 
athletes. Frequent parameters assessed included blood pressure, 
lipid panel, blood glucose levels, and assessment for prior 
tobacco use. Routine ECG was performed by almost all teams 
(92%), but routine echocardiography, exercise stress testing, 
and stress echocardiography were routinely ordered by less than 
15% of the teams.

The four major professional leagues differ in screening 
approaches. Major League Baseball has implemented screening 
guidelines that include 10 of the 12 AHA screening recommen-
dations, in addition to ECG, lipid assessment, and glucose 
monitoring. National Hockey League screening practices 
include eight AHA screening recommendations. National  
Football League screening practices includes only three AHA 
screening recommendations in addition to limited history and 
physical examination, ECG, chest radiography, lipid profile, and 
glucose monitoring. The National Basketball Association does 
not have standardized recommendations for screening.

AvoiDing treAtment errorS

Prevention of sudden cardiac death in athletes is less an issue  
of treatment than of early diagnosis. Despite the challenges 
inherent in adequately screening large populations with subtle 
abnormalities, the objective finding that screening efforts are 
often less than recommended indicates that more comprehen-
sive screening could reduce the incidence of sudden cardiac 
death.

future DireCtionS

The potential for more accurate and efficient screening is  
high. Genetic analysis is just beginning and without doubt  
will become increasingly valuable in screening athletes. There 
is, as well, the potential for definitive therapy for the heritable 
cardiac abnormalities discussed. Though not on the immediate 
horizon, it is likely that investigation into both of these  
areas will result in fewer instances of sudden cardiac death in 
young athletes.
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and news media reports.

ELECtroCArdiogrApHiC AbnorMALitiES
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on ventricular tachyarrhythmias in trained athletes. J Am Coll Cardiol. 
2004;44:1053–1058.

Examines the effect that withdrawal from intense physical training has on  
the frequency of premature ventricular contractions and ventricular tachycardia 
in 355 athletes. Withdrawal from sports for even 3 months resulted in  
significantly less ventricular arrhythmias.
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frequent and complex ventricular tachyarrhythmias in trained athletes. 
J Am Coll Cardiol. 2002;40:446–452.
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who have frequent premature ventricular beats and other ventricular tachyar-
rhythmias. Cardiac abnormalities were detected in 7% of patients, but the 
incidence of death was low.
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Pelliccia A, Maron BJ, Culasso F, et al. Clinical significance of abnormal 
electrocardiographic patterns in trained athletes. Circulation. 2000;102:
278–284.
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Serra-Grima R, Estorch M, Carrio I, et al. Marked ventricular repolar-
ization abnormalities in highly trained athletes’ electrocardiograms: 
clinical and prognostic implications. J Am Coll Cardiol. 2000;36:
1310–1316.
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Zeppilli P, dello Russo A, Santini C, et al. In vivo detection of coronary 
artery anomalies in asymptomatic athletes by echocardiographic screen-
ing. Chest. 1998;114:89–93.
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echocardiography in the detection of anomalous coronary arteries. The preva-
lence of anomalous coronary arteries was low at 0.09% and could be detected 
by surface echocardiography.

SCrEEning

Maron BJ. How should we screen competitive athletes for cardiovascular 
disease? Eur Heart J. 2005;26:428–430.

This editorial addresses the feasibility and limitations of implementing a nation-
wide screening practice for athletics in the United States similar to the European 
model.
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competitive athlete: perspectives from the 30-year Italian experience. 
Am J Cardiol. 1995;75:827–829.
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Corrado D, Basso C, Schiavon M, et al. Screening for hypertrophic 
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Lewis JF, Spirito P, Pelliccia A, et al. Usefulness of Doppler echocar-
diographic assessment of diastolic filling in distinguishing “athlete’s 
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296–300.
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Maron BJ, Gardin JM, Flack JM, et al. Prevalence of hypertrophic 
cardiomyopathy in a general population of young adults. Circulation. 
1995;92:785–789.

This article uses data from 4111 patients participating in the Coronary Artery 
Risk Development in (Young) Adults Study (CARDIA) and reports a preva-
lence of 0.17% for HCM based on echocardiographic criteria.

Rickers C, Wilke NM, Jerosch-Herold M, et al. Utility of cardiac mag-
netic resonance imaging in the diagnosis of hypertrophic cardiomyopa-
thy. Circulation. 2005;112:855–861.

Authors evaluate the thickness of LV segments via echocardiography and cardiac 
MRI. MRI provides an accurate means of measuring LV wall thickness and 
may be even more sensitive in identifying abnormal thickness of the anterolat-
eral wall.

Sharma S, Elliott PM, Whyte G, et al. Utility of metabolic exercise 
testing in distinguishing hypertrophic cardiomyopathy from physiologic 
left ventricular hypertrophy in athletes. J Am Coll Cardiol. 2000;
36:864–870.

Evaluates metabolic exercise testing in eight athletes with HCM. Athletes with 
LV hypertrophy without HCM could achieve a peak oxygen consumption of 
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Maron BJ, Gohman TE, Aeppli D. Prevalence of sudden cardiac death 
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J Am Coll Cardiol. 1998;32:1881–1884.

Review of Minnesota State High School League records from 1985 to 1997 
showed the risk for sudden cardiac death in high school athletes to be close to 1 
in 200,000.

Pelliccia A, Culasso F, Di Paolo FM, et al. Physiologic left ventricular 
cavity dilatation in elite athletes. Ann Intern Med. 1999;130:23–31.
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Pelliccia A, Maron BJ, De Luca R, et al. Remodeling of left ventricular 
hypertrophy in elite athletes after long-term deconditioning. Circulation. 
2002;105:944–949.
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ditioning results in decrease in LV size and LV wall thickness.

Pluim BM, Zwinderman AH, van der Laarse A, et al. The athlete’s  
heart. A meta-analysis of cardiac structure and function. Circulation. 
1999;100:336–344.

A meta-analysis of available echocardiographic studies in the medical literature 
from 1975 to 1998 demonstrated differential structural changes in the heart 
based on type of exercise.
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Cardiovascular Epidemiology

Georgeta Vaidean

C ardiovascular epidemiology originated from the necessity 
to quantify the likelihood of developing a coronary event; 

it emerged as a bridge between basic sciences, population,  
and clinical research, and triggered interdisciplinary research in 
pharmacogenetics, proteomics, biomarkers, bioinformatics, and 
functional imaging. This explosive growth of information is 
illustrated by MEDLINE searches for “cardiovascular risk 
factors”: one restricted to the years 1960 through 1990 retrieves 
845 articles, whereas similar searches for the years 1991 through 
1999 and 2000 through 2008 retrieve 2569 and 7840 articles, 
respectively. A better understanding of the pathogenesis, etiol-
ogy, natural history, underlying mechanisms, and molecular 
basis of cardiovascular disease (CVD) and a better approach to 
design and interpretation of interventional studies have revealed 
multiple applications for cardiovascular epidemiology research.

CardiovasCular risk FaCtors

Cardiovascular epidemiology and evidence-based preventive 
cardiology evolved around the concept of cardiovascular risk 
factors, which became an integral part of clinical assessment and 
decision making. A cardiovascular risk factor is a personal or 
environmental (natural or social) characteristic associated with 
an increased likelihood that a particular cardiovascular outcome 
will develop at a later time in the short or long term. Charac-
teristics of these factors include the following: their distribution 
and influence are different in different populations; they are not 
always necessary and/or sufficient for development of clinically 
apparent coronary heart disease (CHD); they have a probabilis-
tic character, because their importance resides in their statistical 
associations in populations; and they are not necessarily elastic. 
The magnitude of risk reduction achieved by therapy may not 
be equivalent to the increment in risk.

Categories of Risk Factors

CHD is a multifactorial disease with multilayered and overlap-
ping “causes” (Box 70-1). More than 300 factors are described 
as “associated” with CHD. A National Heart, Lung and Blood 
Institute workshop on cardiovascular risk assessment classified 
factors implicated in the pathogenesis of a major coronary event 
into several levels: major atherogenic, plaque burden, condi-
tional, underlying, susceptibility, undetermined, and protective. 
The multilayered, overlapping paradigm has a variety of mecha-
nisms of action and interactions between levels.

CardiovasCular risk PrEdiCtion: 
aPProaChEs to Global  
risk assEssmEnt

Clinical Importance of Global Estimates  
for CHD Risk

Assessment of global cardiovascular risk based on major cardio-
vascular risk factors has three purposes of clinical interest: 

identification of high-risk patients who should have immediate 
attention and undergo immediate intervention, motivation of 
patients to adhere to risk-reduction therapies, and modification 
of the intensity of risk-reduction efforts on the basis of the total 
risk estimate (Fig. 70-1). Therapeutic decisions based on quan-
tifiable measurements improve clinical decision making, increase 
motivation and compliance of patients, and can be evaluated for 
economic planning. Guidelines for management of individual 
risk factors recommend matching the intensity of preventive 
therapy to the absolute global cardiovascular risk. Cardiovascu-
lar epidemiologic research strives to quantify this global risk via 
predictive models.

The most common predicted event is the incidence of  
CHD, which can be defined as including angina pectoris, unsta-
ble angina, unrecognized myocardial infarction (MI), recog-
nized MI, and CHD death. When risk cut points are defined to 
select patients for specific therapies, definitions of coronary end 
points have critical importance. However, of increased interest 
are symptomatic heart failure, hospital admission for unstable 
angina, need for revascularization procedures, and changes in 
functional capacity and quality of life.

Relative versus Absolute Risk

Absolute global risk is defined as the likelihood that CHD will 
develop in a person over a specified period, given the presence 
of cardiovascular risk factors. Absolute risk is considered the 
crucial determinant of whether and when to initiate pharmaco-
logic therapy. Absolute risk can be calculated as short-term 
(usually 10 years) and long-term, or lifetime risk. Relative risk 
is the ratio of the likelihood of CHD developing in persons with 
and without given risk factors or at a given intensity of a risk 
factor. The difference between relative and absolute risk can be 
explained with an example of serum cholesterol concentration.

A young adult with a very high serum cholesterol concentra-
tion is at a low absolute risk for CHD but a high relative risk 
compared with a young adult with a low serum cholesterol 
concentration. CHD is unlikely to develop in the hypercholes-
terolemic young adult in the next 10 years, but the individual’s 
chances of experiencing premature CHD in the long term (e.g., 
before age 65) are high.

The goal for reducing elevated serum cholesterol concentra-
tion in young adults, therefore, is to retard atherogenesis 
throughout life, not only to prevent MI in the next decade.

Methods of Risk Assessment

Cardiovascular risk assessment uses two major approaches: 
simple counting and mathematical models.

CountinG

Simple counting of the major cardiovascular risk factors can 
grossly rank asymptomatic subjects by the likelihood of a 
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box 70-1 Categories of Risk Factors for CHD

Plaque burden as risk Factor

• Age (relating to the length of time an individual is 
exposed to risk factors)

major risk Factors

• Smoking
• increased blood pressure
• increased serum tC and LDL-C concentration
• Low serum concentrations of HDL-C
• History of diabetes mellitus

Conditional risk Factors

• increased serum triglyceride concentration
• Small LDL-C particles
• increased serum lipoprotein (a) concentration
• increased serum homocysteine concentration
• Prothrombotic factors: PAi-1, fibrinogen
• inflammatory markers (e.g., CRP)

underlying risk Factors

• overweight, obesity (especially abdominal obesity)
• Lack of physical activity
• Male sex
• Family history of premature CHD death
• insulin resistance
• Socioeconomic factors
• Psychological and behavioral factors related to 

inadequate reaction to stress

other risk Factors with value to be Established

• uric acid
• Hematocrit
• Heart rate at rest
• infectious agents
• Environmental factors: air pollution

With permission from Smith Jr SC, Greenland P, Grundy SM. AHA 
Conference Proceedings. Prevention conference V: Beyond secondary 
prevention: identifying the high-risk patient for primary prevention: 
executive summary. American Heart Association. Circulation. 
2000;101:111–116.

CHD, coronary heart disease; CRP, C-reactive protein; HDL-C, 
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; PAi-1, plasminogen activator receptor-1; tC, total 
cholesterol.

coronary event developing. It is a rapid approach of limited 
complexity for daily practice and easy to implement. However, 
it does not apply the intensity of risk factors nor their synergistic 
impact on global cardiovascular risk. Hence, simple counting 
has a reduced predictive ability.

RiSk SCoRES BASED on MAtHEMAtiCAL MoDELS

A more refined approach is the use of predictive equations, 
which offer quantification of the absolute risk. Predictive equa-
tions have been generated by several cohort studies, the most 
well known being the Framingham risk equations.

Estimating Risk Using the Framingham  
Risk Scores

The Framingham Heart Study has generated prediction equa-
tions based on multivariate regression models to estimate CHD 

risk. The outcomes predicted are total CHD and “hard CHD.” 
In the Framingham Study, approaches based on total cholesterol 
(TC) and low-density lipoprotein cholesterol (LDL-C), whether 
as continuous or categorical variables, are similar in their ability 
to predict initial CHD events. However, extensive clinical data 
and clinical trial results suggest that LDL-C is the major athero-
genic lipoprotein. Therefore, the use of LDL-C concentrations 
in the clinical setting is important whenever fasting samples are 
available. Despite studies advocating the use of the ratio of TC to 
high-density lipoprotein cholesterol (HDL-C), it was not used in 
Framingham predictions for two reasons. At the extremes of the 
TC or LDL-C distribution, equal ratios may not signify the same 
CHD risk, and, equally important, the use of a ratio may make it 
more difficult for physicians to focus on the separate values.

The blood pressure (BP) value used in the Framingham Risk 
Score is obtained at the time of assessment, whether the patient 
is taking antihypertensive drugs or not. The average of several 
BP measurements is needed for an accurate determination of 
the baseline concentration. Diabetes is defined as a fasting 
plasma glucose concentration greater than 126 mg/dL. The 
designation of “smoker” indicates any use of cigarettes within 
the past month.

Framingham Risk Scores provide two ways to estimate car-
diovascular risk.

1. Comparison of an individual’s estimated risk with the abso-
lute risk of an individual at low risk, that is, a person who is 
largely without risk factors. This is the best way to assess the 
full potential for risk reduction, when introduced relatively 
early in life (Box 70-2). Total excess risk for an individual 
patient can be estimated by subtracting the absolute risk of 
a person of the same age and sex who is at low risk from that 
of the individual in question.

2. Comparison of an individual’s estimated risk with the risk of 
an average person of the same age and sex. This approach is 
commonly used, although it tends to underestimate the pre-
ventable component of coronary risk because of the high 
prevalence of coronary atherosclerosis in the United States 
and most developed countries. To facilitate the use of risk 
prediction in clinical practice, based on these equations, 
simple risk score sheets are widely distributed and available for 
public use (see Additional Resources at the end of this chapter).

These risk prediction equations can be confidently extrapo-
lated to other settings. Comparisons show that within sampling 
fluctuations, the Framingham equations discriminate reasonably 
well between subjects in whom clinical CHD developed and 
those in whom it did not. They also apply reasonably well to other 
(non-Framingham) populations. However, when applied to Japa-
nese American, Hispanic, and Native American men and women, 
some recalibration is needed by using data on prevalence and 
CHD event rates specific to the population of interest.

imPlEmEntation: thE Final 
FrontiEr oF PrEvEntivE 
CardioloGy

A large body of evidence supports the efficacy of risk factor 
modification in subjects with atherosclerosis. Cardiovascular 
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A major objective of preventive cardiology is to measure and monitor atherosclerosis in
asymptomatic individuals and identify appropriate candidates for aggressive primary prevention.

In the clinical setting, CHD risk analysis is important in identification of high-risk patients who should have immediate intervention, motivation of
patients to adhere to risk-reduction therapy (including exercise and maintenance of appropriate BMI), and modification of risk-reduction efforts based
on total risk estimate.

Coronary heart disease risk assessment 

Implementation of therapy
Risk analysis based on
prediction equations
(Framingham scores)

Risk factor screening
Total
cholesterol
LDL-C

HDL-C

Blood
pressure

Diabetes

Insulin

Smoking

Therapeutic lifestyle changes

Risk reassessment

Pharmacologic therapy

Patient motivation (adherence
to risk-reduction interventions)

Screening to detect subclinical atherosclerosis

PET scans may be useful in detection of early
endothelial dysfunction and in noninvasive
monitoring of aggressive risk factor modification.

Carotid intima-media thickness is
good indicator of presence and extent
of coronary atherosclerosis.

Ankle–brachial blood pressure
indices for detection of PAD
correlate with    prevalence
of CHD.

Coronary artery calcium detected by
EBCT is a potentially valuable index to assess
coronary artery plaque burden.

C-reactive protein is an
established marker of
low-grade inflammation.

Ca2�

Brachial artery
(normal)

Brachial artery
(normal)

Dorsalis pedis and
posterior tibial (normal)

Dorsalis pedis and
posterior tibial (abnormal)

Risk of CHD death increases threefold in men with ECG
abnormality. ECG indices such as heart rate variability,
spatial aspects of repolarization or heart rate recovery
post-exercise may have utility.

Magnetic resonance coronary
angiography images plaque
composition and size and
detects areas prone to rupture.

Figure 70-1 Cardiovascular risk prediction. BMi, body mass index; CHD, coronary heart disease; EBCt, electron beam Ct; 
ECG, electrocardiogram; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;  
PAD, peripheral artery disease; PEt, positron emission tomography.



592 SECtion X • impacting Heart Disease: Future Directions

box 70-2 Low Risk

definition

the Framingham Heart Study defines low risk as the risk 
for CHD at an age that is conferred by a combination of 
all of the parameters listed below.

Parameters

• Serum total cholesterol 160–199 mg/dL or LDL-C 
100–129 mg/dL

• HDL-C ≥45 mg/dL in men and ≥55 mg/dL in women
• SBP <120 mm Hg and DBP <80 mm Hg
• nonsmoker
• no history of diabetes mellitus

With permission from Grundy SM, Pasternak R, Greenland P, et al. 
Assessment of cardiovascular risk by use of multiple-risk-factor 
assessment equations: A statement for healthcare professionals 
from the American Heart Association and the American College of 
Cardiology. Circulation. 1999;100:1481–1492. Available at: http://
circ.ahajournals.org/cgi/reprint/100/13/1481.pdf.

CHD, coronary heart disease; DBP, diastolic blood pressure;  
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density 
lipoprotein cholesterol; SBP, systolic blood pressure.

risk factors are seen interventionally through their amenability 
to be changed, from proven effective interventions to those that 
are unlikely to be effective (Box 70-3).

Guidelines for risk factor management have been developed 
based on convincing results of pathophysiology, molecular 
biology, epidemiologic studies, and randomized clinical trials, 
in primary and secondary prevention. However, guidelines 
often fall short of implementation and often fail to influence 
clinical practice, despite the wide dissemination of algorithms 
for the screening for cardiovascular risk factors and manage-
ment of hypertension and lipid disorders.

Screening and Management of 
Cardiovascular Risk Factors  
in Medical Practice

It is often claimed that approximately 50% of MIs occur in 
patients without prior manifestations of risk factors. Recently, 
some investigators have argued that this number is less than 
50%; it nonetheless remains significant and has stimulated 
efforts in the research community to search for new risk factors 
that could aid early identification and treatment, and could 
prevent future events. Of equal importance, however, is the 
question of whether adequate preventive strategies were used 
for the other 50%, in whom traditional cardiovascular risk 
factors were present at the time of symptoms. In a random 
sample of retrospective chart reviews of patients admitted to 
coronary care units, rates of physician screening for CHD risk 
factors; rates of counseling for cigarette cessation, diet, and 
exercise; and extent of use of National Cholesterol Education 
Program (NCEP) algorithms were disappointing. Approxi-
mately 50% of smokers report that their physician has never 
advised them to quit. Even in secondary prevention, the man-
agement of risk factors is less than satisfactory.

BP control rates are poor. Data from the National  
Health and Nutrition Examination Survey—the barometer of 

box 70-3 Classification of Cardiovascular 
Risk Factors from the intervention  
Point of View

Factors for Which interventions have been 
Proven to lower Cad risk

• Diet
• tC and LDL-C
• Antithrombotic therapy
• Smoking
• Hypertension
• Multifactorial risk modification

Factors for Which interventions are likely to 
lower Cad risk

• History of diabetes
• Physical inactivity/exercise
• obesity
• HDL-C
• tG and small, dense LDL-C

Factors that if modified might lower Cad risk

• Psychosocial factors
• oxidative stress
• Lipoprotein (a)
• Hyperhomocysteinemia

Factors that Cannot be modified or for  
Which modification Would be unlikely to  
lower Cad risk

• Family history and genetics
• Age

Data from Forrester JS, Merz CN, Bush TL, et al. 27th Bethesda 
Conference: Matching the intensity of risk factor management with 
the hazard for coronary disease events. Task Force 4. Efficacy of 
risk factor management. J Am Coll Cardiol. 1996;27:991–1006.

CAD, coronary artery disease; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; tC, total 
cholesterol; tG, triglycerides.

hypertension awareness, treatment, and control—show that the 
initial improvements since the publication of the recommenda-
tions of the Fifth Joint National Committee on the Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure 
in 1993 have begun to deteriorate.

Aggressive lipid-lowering therapy prevents recurrent cardiac 
events and lowers total mortality rate in patients with known 
CHD, as well as in asymptomatic individuals. Despite strong 
evidence of benefits, patients continue to be underscreened and 
undertreated for hyperlipidemia. For instance, in numerous 
studies performed in varying clinical settings (such as coronary 
care units, Veterans’ Administration hospitals, or medical prac-
tices), 33% of patients with CVD were not screened using lipid 
panels, only approximately 35% of those in whom medical 
therapy was indicated—according to NCEP guidelines— 
actually received lipid-lowering medications in primary preven-
tion, and only approximately 67% received medications in 
secondary prevention. Furthermore, among patients taking pre-
scribed lipid-lowering medications, only a fraction achieved 
acceptable LDL-C reduction. In the Lipid Treatment Assess-
ment Project, overall, target LDL-C concentrations or values 
lower than the goal were attained in only 38% of the patients. 

http://circ.ahajournals.org/cgi/reprint/100/13/1481.pdf
http://circ.ahajournals.org/cgi/reprint/100/13/1481.pdf
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Moreover, the greater the number of risk factors, the lower the 
proportion of target concentrations achieved in patients.

Barriers to Implementation of Preventive 
Services and Strategies to Improve 
Guideline Adherence

It is inevitable that there are delays before research results are 
accepted by the medical community and adopted into routine 
clinical practice. However, it is important that validated guide-
lines and new findings be adopted as widely and quickly as pos-
sible. Potential barriers to the adoption of new approaches 
comprise three areas: those relating to the patient, those relating 
to the health-care system and society as a whole, and those 
affecting physician behavior (Box 70-4).

FuturE dirECtions

Major objectives of preventive cardiology are to measure and 
monitor atherosclerosis in asymptomatic individuals and to 
identify appropriate candidates for aggressive primary preven-
tion. Although noninvasive imaging of atherosclerosis and iden-
tification of serum markers hold great promise to quantify 
atherosclerotic burden and predict coronary events, they are not 
substitutes for traditional risk factor screening, but instead have 

a complementary role. In evaluating their potential as screening 
and predictive tools, these novel tests should answer whether 
screening with a new tool has incremental value in assessing 
cardiovascular risk and whether such a screening test would 
further improve outcomes over currently advocated guidelines 
for risk reduction. Tests with promise include recently appreci-
ated ECG findings, electron beam CT, coronary magnetic reso-
nance angiography (MRA), positron emission tomography 
(PET), ankle-brachial BP index (ABI), carotid intima-media 
thickness on ultrasound, C-reactive protein (CRP), and possibly 
evidence of exposure to certain infectious agents.

In the Multiple Risk Factors Intervention Trial Study, the 
risk of CHD death for men with any ECG abnormality was 
three times that of men without abnormalities. Novel ECG 
indexes, such as heart rate variability, spatial aspects of repolar-
ization, and heart rate recovery after the exercise test, may add 
clinical and epidemiologic utility.

Because coronary calcification increases with age, the highly 
sensitive electron beam CT score might be able to replace age 
as a surrogate for coronary plaque burden. However, because it 
lacks the ability to detect noncalcified atheroma, electron beam 
CT may offer an improvement over conventional risk factors  
in predicting the angiographic burden of atherosclerosis, but 
not in predicting coronary events. Multidetector CT, while 
promising, is yet to be refined in terms of reproducibility and 
risks; trials assessing the impact of this technology on improved 
clinical outcomes are continuing. Whether the use of these 
technologies can change patients’ behavior remains an open 
question. Additionally, these novel tests may have utility in 
refinement of risk assessment and treatment options for indi-
viduals with an intermediate Framingham Risk Score; yet, such 
levels of risk represent low absolute risks, and thus the cost-
effectiveness of these tools in primary prevention remains a 
difficult issue to overcome.

Coronary MRA is a research tool intended to image plaque 
composition and size and detect areas vulnerable to rupture. 
Although it cannot accurately detect small stenoses, it is a poten-
tial source of information on anatomic and functional signifi-
cance of atherosclerotic plaques, by allowing three-dimensional 
visualization of coronary arteries and evaluation of perfusion, 
coronary flow and flow reserve, contractility, stress-induced 
wall-motion abnormalities, and cardiac metabolism. PET, as 
used today, has limited screening-test applicability; it is unable 
to detect coronary stenoses less than 50%. However, PET may 
have a future role in detection of early endothelial dysfunction 
and in noninvasive monitoring of aggressive risk factor modifi-
cation in asymptomatic individuals.

ABI detection of peripheral artery disease, a simple and inex-
pensive test, correlates with a higher prevalence of CHD and 
demonstrates the atherosclerotic involvement of multiple vas-
cular beds. An ABI less than 0.90 in either leg indicates periph-
eral artery disease; the lower the index value, the more severe 
the obstruction. An abnormal ABI elevates asymptomatic indi-
viduals to a higher risk category.

Correlation between carotid intima-media thickness and 
cardiac risk has been demonstrated within populations, but  
this less clearly predicts CHD risk in individuals. Carotid 
intima-media thickness is a good indicator of the presence  
and extent of coronary atherosclerosis; a direct relation  

box 70-4 Barriers to implementation of 
Preventive Services

Patient

• Lack of knowledge and motivation
• Lack of access to care
• Cultural and social factors

Physician

• Problem-based focus
• Feedback on prevention negative or neutral
• time constraints
• Lack of incentives
• Lack of training
• Lack of specialist-generalist communication
• Lack of perceived legitimacy

health Care settings

• Acute care priority
• Lack of resources and facilities
• Lack of systems for preventive services
• time and economic constraints
• Poor communication specialists and primary care 

providers
• Lack of policies and standards

Community/society

• Lack of policies and standards
• Lack of reimbursement

Reprinted from Pearson TA, McBride PE, Miller NH, et al. 27th 
Bethesda Conference: Matching the intensity of risk factor 
management with the hazard for coronary disease events. Task 
Force 8. Organization of preventive cardiology service. J Am Coll 
Cardiol. 1996; 27:1039–1047, with permission from the American 
College of Cardiology Foundation.
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exists between intima-media thickening and the likelihood of 
coexistent significant CHD.

CRP, especially measured by highly sensitive assays, is an 
established marker of low-grade systemic inflammation, and its 
association with CVD is well-documented. CRP advantages 
include sensitivity, safety, convenience, and cost-effectiveness; 
standardized assays provide good validity and repeatability. 
Despite these advantages and its biologic plausibility, CRP did 
not prove to add significantly to risk prediction scores in several 
large-cohort studies: Atherosclerosis Risk in Communities, 
Women’s Health, Framingham Offspring, Framingham Heart, 
and Cardiovascular Health Studies. In the JUPITER Study, 
which enrolled apparently healthy men and women with ele-
vated CRP levels but no hyperlipidemia, rosuvastatin signifi-
cantly reduced the incidence of major cardiovascular events; 
however, this study cannot answer whether the observed effects 
were due to cholesterol-lowering or CRP-lowering effect. The 
debate on the utility of CRP testing in guiding patients’ risk 
stratification and therapy remains open.

Several large-scale clinical trials are studying infectious 
agents (Helicobacter pylori, Cytomegalovirus, Chlamydia pneu-
moniae) and their role in atherogenesis and CHD end points, 
but it is not yet clear whether evidence of these infectious agents 
represents causation or whether these are, in effect, “innocent 
bystanders.”

Research in cardiovascular epidemiology has contributed to 
understanding the atherosclerosis process and shaped develop-
ment of intervention tools in individuals and communities. 
Answers obtained have prompted new questions and generated 
new hypotheses. Future avenues for research will probably seek 
better understanding of how the identified cardiovascular risk 
factors modify genetic predispositions and of the interplay 
between behavioral and environmental factors, and the develop-
ment of more accurate risk prediction tools and more targeted 
prevention strategies.
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a risk factor for CHD and the benefits of lowering cholesterol levels as a means of 
preventing CHD.
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incremental coronary risk prediction using C-reactive protein and other 
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as estimated by the area under the curve.
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coronary disease events. Task Force 4. Efficacy of risk factor manage-
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Gottlieb I, Lima JA. Screening high-risk patients with computed tomog-
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tor CT angiography as a potential addition to the use of Framingham Study–
derived algorithms.

Greenland P, Abrams J, Aurigemma GP, et al. Beyond secondary pre-
vention: identifying the high-risk patient for primary prevention: non-
invasive tests of atherosclerotic burden. Writing Group III. Circulation. 
2000;101:E16–E22.

Considers the status of several measures of subclinical disease in CHD risk 
assessment: ankle-brachial blood pressure index, intima-media thickness as 
measured by ultrasound, coronary calcium scores, MRI, endothelial function 
studies, and CRP. Literature supporting the use of such tests is cited; however, 
no attempt is made to suggest ways these tests can be unified with traditional 
risk scores in clinical practice.
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A workshop on cardiovascular risk assessment, sponsored by the National Heart, 
Lung and Blood Institute, addressed whether risk equations developed in the 
Framingham Heart Study for predicting new-onset CHD apply to diverse 
population groups.

Kramer CM. All high-risk patients should not be screened with com-
puted tomographic angiography. Circulation. 2008;117:1333–1339.

Argues against the mass screening of asymptomatic individuals with multidetec-
tor CT invoking the low absolute risk for CHD, the risks of radiation exposure, 
the unfavorable cost-benefit ratio, and the lack of current evidence supporting 
a positive behavior change consecutive to such a test.

Pearson TA. New tools for coronary risk assessment. What are their 
advantages and limitations? Circulation. 2002;105:886–892.

Addresses global risk assessment and highlights the evidence supporting the role 
of various tests: exercise ECG, electron beam CT, coronary MRA, PET, the 
ankle-brachial blood pressure index, intima-media thickness as assessed by 
ultrasound, as well as CRP and homocysteine.

Pearson TA, McBride PE, Miller NH, et al. 27th Bethesda Conference: 
Matching the intensity of risk factor management with the hazard  
for coronary disease events. Task Force 8. Organization of preventive 
cardiology service. J Am Coll Cardiol. 1996;27:1039–1047.

Addresses the “treatment gap” and disparity between endorsed guidelines and 
current practice, and objectively describes barriers to the implementation of 
preventive services.

Ridker PM, Danielson E, Fonseca FA. Rosuvastatin to prevent vascular 
events in men and women with elevated C-reactive protein. N Engl J 
Med. 2008;359:2195–2207.

In this trial of apparently healthy persons without hyperlipidemia but with 
elevated high-sensitivity CRP levels, rosuvastatin significantly reduced the  
incidence of major cardiovascular events.

Smith Jr SC, Greenland P, Grundy SM. AHA Conference Proceedings.  
Prevention conference V. Beyond secondary prevention: identifying the 
high-risk patient for primary prevention: executive summary. American 
Heart Association. Circulation. 2000;101:111–116.

A central theme for this conference was the emphasis on establishing a prognosis 
for high-risk patients without clinical evidence of CHD. Three writing groups 
were established to report on the following areas: (1) medical office assessment, 
(2) tests for silent and inducible ischemia, and (3) noninvasive tests of athero-
sclerotic burden. Each working group reviewed research on existing risk assess-
ment strategies relevant to the prediction of risk in patients without clinical 
evidence of CHD.
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Cardiovascular Disease in Women  
and Special Populations

Paula F. Miller and Sidney C. Smith, Jr.

T here has been a marked increase in the diversity of the 
U.S. population, and with it, an increase and shift in  

risk factor prevalence. These changes necessitate a broader 
understanding of cardiovascular disease (CVD) in special and 
underserved populations, which include women, patients with 
diabetes, the elderly, various ethnic groups, and an emerging 
population—the intellectually disabled. Although age-adjusted 
events from CVD in the general population are decreasing, 
among patients in these special groups there is no decrease,  
and in some cases CVD is increasing. Disappointingly, women 
in general, including women in ethnic and special subgroups, 
have seen no significant change in CVD morbidity and mortal-
ity in recent years. Interestingly, individuals with intellectual  
disabilities have increasing incidence of CVD when compared 
to the general population. This group has been moved from 
institutions to group homes, personal homes, or family homes 
in an attempt to enhance their lifestyle. However, this has 
changed their risk factors, since they have lost some control  
over their diet and their environment, thereby increasing risk 
factors (obesity in particular). This chapter reviews some  
of these special populations and makes suggestions on identify-
ing, managing, and modifying risk factors with the goal of 
decreasing CVD.

DiabeteS

In the United States, approximately 15 million adults have clini-
cally diagnosed diabetes mellitus, with 1.5 million new cases 
each year. Almost 35 million Americans and 35% of elderly 
Americans have some degree of glucose intolerance. As many  
as 5.7 million people may have unrecognized diabetes. At  
least 65% of people with diabetes mellitus die of some form of 
heart disease or stroke. After adjusting for population, age, and 
sex differences, average medical expenditures among people 
with diagnosed diabetes were 2.3 times higher than expenditures 
among those without diabetes. The direct costs related to treat-
ment of these patients were U.S. $116 billion with an additional  
indirect cost of U.S. $58 billion (disability, work loss, and pre-
mature mortality).

The rates of morbidity and mortality from CVD and from 
atherosclerotic disease involving the cerebral and peripheral 
vessels are two to eight times higher among individuals with 
diabetes (Fig. 71-1). Diabetes was the seventh leading cause of 
death on U.S. death certificates in 2006. Among ethnic minori-
ties older than 18 years of age, diabetes is present in 13.6% of 
Native Americans, 6.5% of Asians, and 9.8% of Hispanics. The 
increase in type 2 diabetes among children and adolescents is 
likely to result in further increases in the incidence of premature 
coronary heart disease (CHD). The National Cholesterol Edu-
cation Program Adult Treatment Panel (ATP) III identifies 
diabetes as a CHD equivalent and recommends the same 

intensive risk factor modification and preventive therapy for 
patients with diabetes as for patients with known CHD.

Evaluation of the patient with diabetes begins with a careful 
medical history (see also Chapter 1). Symptoms of atheroscle-
rotic vascular disease, such as claudication and angina, deserve 
special attention, although diabetic individuals often have atypi-
cal symptoms or no symptoms at all in the presence of signifi-
cant CHD. Patients with diabetes should also be evaluated for 
signs and symptoms of congestive heart failure. The resting 
ECG should be evaluated for evidence of left ventricular hyper-
trophy as well as new left bundle branch block, both being 
markers for increased cardiovascular risk. The use of medical 
therapies such as lipid-lowering treatment should be based on 
the presence of diabetes, a CHD equivalent, rather than on 
symptoms or the identification of an abnormality on noninva-
sive testing. The updated ATP III recommends a target low-
density lipoprotein cholesterol (LDL-C) below 100 mg/dL, 
with an optional goal of less than 70 mg/dL for patients with 
diabetes. The American Heart Association (AHA)/American 
College of Cardiology (ACC) secondary prevention statement 
recommends that blood pressure be kept below 130/80 mm Hg 
and hemoglobin A1c below 7.0 as treatment goals for patients 
with diabetes. For patients who have triglyceride levels above 
200 mg/dL despite appropriate diet and exercise and who have 
received statin therapy, treatment with a fibrate is recom-
mended. Because a prothrombotic state accompanies diabetes, 
patients with diabetes should be considered high risk, and treat-
ment with daily aspirin even in the absence of clinical CHD may 
be considered. Physical activity and maintenance of body mass 
index below 25 improve control of diabetes and reduce the risk 
of CHD-related events.

The hospitalization and long-term mortality rates following 
acute myocardial infarction (MI) are two to four times as high 
in individuals with diabetes. Diabetes is a major risk factor for 
adverse outcomes in patients with unstable angina. Often acute 
MI is the first symptom of CVD in a patient with diabetes. 
Because symptoms may be atypical, late recognition by the 
patient may delay implementation of reperfusion therapies, thus 
leading to a poorer prognosis. The ventricle in patients with 
diabetes has a higher likelihood of undergoing maladaptive 
remodeling, which may contribute to heart failure and cardio-
genic shock. Among diabetic individuals presenting with acute 
MI who are undergoing primary coronary intervention, the use 
of a glycoprotein (GP) IIb/IIIa receptor antagonist results in 
better outcomes. Similar benefits have been observed with GP 
IIb/IIIa receptor antagonists in patients with diabetes who have 
unstable angina or non–ST-segment elevation MI. For patients 
with diabetes, the use of β-blockers results in early and late 
survival benefits. The admission glucose level is an independent 
predictor of early and late mortality in diabetic patients admit-
ted with MI. In several studies among patients hospitalized with 
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Figure 71-1 Cardiovascular disease in diabetes. BMI, body mass index; CHD, coronary heart disease; HDL-C, high-density 
lipoprotein cholesterol; Hgb A1c, hemoglobin A1c; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction.
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MI, strict glycemic control improved cardiovascular outcomes. 
Studies of MI survivors with diabetes show a significant survival 
benefit among those with optimal glycemic control for up to 3 
years following their MI.

The control of cardiovascular risk factors in patients with 
diabetes must be a high priority. In patients with diabetes who 
smoke cigarettes, cardiovascular risk is doubled. The benefit of 
glycemic control coupled with treatment of high blood pressure 

and lipid abnormalities significantly reduces microvascular com-
plications of diabetes (nephropathy, neuropathy, and retinopa-
thy). Diabetes is the leading cause of end-stage renal disease in 
the United States (accounting for 44% of the new cases of renal 
failure in 2005), with a 5-year survival of only 20%. Microalbu-
minuria is a major predictor of impaired renal function as well 
as for the development of CHD. The early use of angiotensin-
converting enzyme inhibitors among patients with diabetes, 
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even in the absence of hypertension, reduces the rates of car-
diovascular morbidity and mortality.

Of the nearly 1.5 million percutaneous and surgical revascu-
larization procedures carried out annually in the United States, 
roughly 25% are performed on patients with diabetes. In this 
group, comorbidities such as hypertension, dyslipidemia, sys-
tolic and diastolic heart failure, nephropathy, and peripheral 
vascular, cerebrovascular, and microvascular diseases contribute 
to poorer outcomes as compared with patients without diabetes. 
In addition to the extent of coronary artery disease (CAD),  
the presence of diabetes alone may govern the revascularization 
approach chosen. For instance, significant differences in sur-
vival, favoring surgical revascularization, exist for patients  
with diabetes and two- or three-vessel CAD who are random-
ized to coronary artery bypass graft surgery compared with 
percutaneous coronary intervention. The benefits of coronary 
artery bypass graft surgery are seen only when at least one  
arterial conduit is used. The increased use of stents and GP IIb/
IIIa receptor antagonists in percutaneous revascularization  
procedures has improved outcomes from percutaneous revascu-
larization. Further studies that will help define the relative  
benefits of coronary artery stenting using drug-eluting stents 
versus surgical revascularization among patients with diabetes 
are continuing.

the elDerly

Although cardiovascular events can occur at any age, the abso-
lute risk increases incrementally as the population ages and is 
greatest in the elderly population (65 years and older); approxi-
mately two thirds of cardiovascular deaths occur after age 65. 
In the United States alone, more than 25 million people are 65 
years or older. In 2000, elderly individuals represented 12.7% 
of the population. By 2020, the elderly population will increase 
to 16.5%. The 31% increase in this group of individuals with a 
high prevalence of CVD will further increase the demands on 
the health care system, underscoring the importance of treat-
ment strategies for elderly individuals (Fig. 71-2, upper).

Clinically, CHD in elderly individuals often presents in an 
atypical manner, with dyspnea, decreased exercise tolerance, 
fatigue, or heart failure as the initial symptom. Though not 
always the case, CHD in elderly individuals is frequently asymp-
tomatic. When symptoms are present, their atypical nature 
often delays diagnosis and treatment. This delay combined  
with an increase in comorbidities and the underuse of proven 
beneficial therapies (pharmacologic and interventional) contrib-
utes to increased rates of morbidity and mortality among 
post-MI elderly patients. The increased incidence of comorbid 
conditions contributes to polypharmacy in elderly patients—
with the attendant risk of adverse effects—and prevents the 
addition of medications that would probably lower cardiac risk. 
Despite the need for multiple medical therapies, risk factor 
modification in elderly patients translates into decreased cardio-
vascular events.

Elevated LDL-C has an important role in the pathogenesis 
and lifelong risk of CHD, and reduction of LDL-C levels 
decreases risk of cardiovascular events. Despite widespread 
information indicating a therapeutic benefit, underdiagnosis  
and undertreatment of dyslipidemia continue among elderly 

individuals. In fact, preventive therapies (pharmacologic and 
nonpharmacologic) in elderly individuals may decrease cardio-
vascular events even more dramatically than in younger cohorts, 
probably because of the increased risk and incidence of CHD 
in elderly individuals. Age should not exclude patients from 
treatment for LDL-C lowering, especially as a therapeutic strat-
egy for secondary prevention. In primary prevention, treatment 
of elevated LDL-C has been more controversial. However, ben-
efits of preventive treatment in this population are substantiated 
by several smaller trials and by the Heart Protection Study, 
which included patients up to the age of 80. The ATP III rec-
ommends therapeutic lifestyle changes as an important compo-
nent of therapy to reduce LDL-C.

Hypertension (blood pressure of 140/90 or higher) occurs in 
more than 50% of the population aged 65 years and older. In 
2004, 63.6% of men and 73.9% of women ages 65 years or older 
had high blood pressure. Hypertension is a major risk factor for 
stroke, heart failure, and CHD. Although hypertension was 
once considered part of “normal aging,” the benefit of treating 
elderly patients with elevated systolic and/or diastolic blood 
pressure is clear. Intensive treatment of isolated systolic hyper-
tension can provide a 30% reduction in the combined fatal and 
nonfatal stroke rate, a 26% reduction in the rates of fatal and 
nonfatal cardiovascular events, and a 13% reduction in the total 
mortality rate.

Women

CVD is the leading cause of death in men and women. In the 
United States in 2004, CVD claimed the lives of 459,056 women 
(~100,000 more than men). Since 1984, the number of deaths 
for females has exceeded that for males. Unfortunately, although 
the cardiovascular mortality rate has declined steadily for men, 
it has remained virtually unchanged or increased for women. It 
is uncertain whether this difference reflects a gap in awareness 
and education, undertreatment of women, or an increase in the 
prevalence of CHD in women. Interestingly among respondents 
to an AHA survey, most women believed that cancer was their 
biggest health threat. However, in 2004, the morbidity in 
women from CVD was 459,096 as compared with 40,954 for 
breast cancer.

In addition to receiving information on disease prevalence, 
women must be educated that their CHD symptoms can differ 
from symptoms that men commonly report. Women often have 
dyspnea on exertion, “heartburn,” fatigue, decreased exercise 
tolerance, or back pain as their “anginal equivalent.” When 
questioning women further, there may also be some “typical” 
symptoms in the majority of women. However, the presence of 
somewhat vague or confusing symptoms often contributes to 
delayed or missed diagnoses of CHD (see Fig. 71-2, lower).

Most CHD risk factors and strategies for preventing disease 
applicable to men also apply to women. Risk factors beyond the 
typical risk factors frequently occur in women, including isola-
tion, depression, and lower socioeconomic status. The magni-
tude of the effects of these risk factors and prevention strategies 
may be different. For example, diabetes is an even more power-
ful risk factor for CHD in women. It is associated with a three- 
to sevenfold increase in the frequency of CHD development. A 
woman with diabetes is twice as likely to have a recurrent MI 
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CHD symptoms reported by women often differ from those
reported by men. These vague or confusing symptoms may
contribute to a delayed or missed diagnosis.
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Diabetes in women is a more powerful risk factor
than in men, associated with 3 to 7 times increase
in CHD development.
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Figure 71-2 Cardiovascular disease in women and the elderly. CAD, coronary artery disease; CHD, coronary heart disease; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction.

compared with a man with equal risk factors. Smoking is also a 
stronger risk factor for MI in women than in men (a woman 
who smokes has her first heart attack an average of 19 years 
earlier than a woman who does not smoke). This is a concern, 
because smoking rates are declining at a slower rate among 
women than among men. Hypertension is more prevalent in 
men up until the age of 45. From ages 45 through 54, the inci-
dence of hypertension for men and women is similar. After age 
54, a significantly higher percentage of women have high blood 

pressure. Since this is a modifiable risk factor, education of 
women about the dangers of hypertension as well as intensive 
screening becomes important. Dyslipidemias, especially ele-
vated triglycerides and low high-density lipoprotein cholesterol 
(HDL-C), are more commonly seen with CHD in women and 
are most commonly seen in postmenopausal women. Low 
HDL-C in women is a potent risk factor. Strategies to reduce 
LDL-C with statins provide at least an equivalent reduction in 
risk in women compared with men. In fact, in some studies, the 
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risk of primary or secondary cardiovascular events was more 
favorably influenced by statin therapy in women than in men. 
Risk factors unique to women include menopause, with its asso-
ciated estrogen loss and effect on the lipid profile, and hormone 
replacement therapy (HRT). Historically a cardioprotective 
effect of HRT in women was inferred, based largely on obser-
vational data, regardless of the woman’s CVD status. However, 
no benefit in the rates of nonfatal MI or death from CHD in 
women with known heart disease receiving combined HRT was 
found in the largest randomized clinical trial conducted thus far. 
Indeed, an increase in CHD events was observed during the first 
year of HRT use in that trial. Consequently, the AHA has 
released a statement for health care professionals recommend-
ing that HRT not be initiated for prevention of heart attack or 
stroke in women with CVD. Furthermore, a large-scale trial 
investigating the primary-prevention benefits of combined 
HRT was stopped early, principally because of the risk of associ-
ated invasive breast cancer. However, a significant increase in 
cardiovascular events was also observed. Taken together, clini-
cal trials do not support the use of combined HRT in primary 
or secondary prevention of cardiovascular events.

Prediction of 10-year mortality by the ATP III guidelines  
has been advanced by the Reynolds Risk Score. This model 
includes as variables diabetes mellitus, family history, and high-
sensitivity C-reactive protein, an inflammatory marker. The 
Reynolds risk predictor can be adjusted for age with predictions 
for CVD at current age as well as 10, 20, or 30 years into the 
future, providing a projection of how treatment of certain risk 
factors might improve risk.

The updated 2007 AHA/ACC guidelines for prevention of 
CVD in women have several new recommendations, including 
dietary (increased fresh fruits and vegetables), increased activity 
(30 minutes a day to maintain weight and 60–90 minutes to lose 
weight), including oily fish in the diet at least twice a week or 
using fish oil supplements, and the use of aspirin routinely in 
women over the age of 65 and earlier in those at high risk.

raCial anD ethniC ConSiDerationS

The U.S. population has become increasingly diverse, with an 
increase in Hispanics, African Americans, Native Americans, 
and Asian/Pacific Islanders. The prevalence and incidence of 
CVD varies among these ethnic and racial groups in the United 
States. These variations are important in developing strategies 
for prevention and treatment as these minority populations 
increase in number. CVD mortality rate varies significantly by 
U.S. region, with a greater than twofold difference between 
states with the lowest and the highest rates. Factors influencing 
these differences are complex. As an example, in the southern 
United States, more than 25% of individuals are obese. This in 
turn puts the population at a higher risk for diabetes mellitus 
and CVD. The key to reducing CVD in these populations lies 
in education and intervention. Many, however, do not have 
health insurance and do not see a doctor regularly. Improved 
access to health care coupled with education and modification 
of risk factors can reduce cardiovascular events. The highest 
mortality rates from CVD are seen in the Mississippi Delta, 
Appalachia, and the Ohio River Valley, where the numbers of 
people in the lower socioeconomic category are highest.

African Americans have the highest mortality rates in the 
United States for CHD and stroke. In 2004, the overall death 
rate from CHD in the United States was 288/100,000, while  
the death rate for African Americans was 454/100,000 for  
men and 333.6/100,000 for women. The mortality rate from 
CHD is lower among the Hispanic, Asian, and Native American 
populations. Among Asians, probably because of the high  
prevalence of hypertension, the mortality rate from stroke is 
higher. A high mortality rate from stroke continues to exist  
in the southeastern United States, especially among the African 
American population, but stroke rates have increased in the 
northwestern United States, possibly because of an increase  
in the Asian population of those states. The areas with the 
highest CVD mortality in the United States are frequently poor 
and rural.

Racial differences in health care outcomes are well docu-
mented in the United States. Members of minority populations, 
especially African American individuals, are less likely to receive 
invasive cardiovascular procedures shown to improve outcomes, 
are less likely to see doctors and other health care providers,  
and tend to smoke more than nonminority members. As the 
ethnic populations increase, more attention must be directed 
toward identifying those at risk and intervening with recom-
mended therapies.

loWer SoCioeConomiC GrouPS

Socioeconomic differences in CVD mortality rates are reported 
for many countries, including the United States. In most reports, 
a clear gradient in mortality rates exists; the CVD mortality rate 
is higher in individuals with lower education levels and in those 
in lower occupational classes. Socioeconomic status is a more 
potent risk factor in women. In western Europe, a north-south 
gradient exists for CHD, with a higher mortality rate in the 
north. These differences may reflect differences in risk factors, 
such as diet, cigarette smoking, and obesity. Unfortunately, 
reports suggest that the gap in the CVD mortality rates between 
the poor and undereducated and the wealthy and well educated 
has not narrowed and may even be widening.

Future DireCtionS

Future directions for prevention of CHD in special populations 
must target the special needs of each population. Clinical trials 
testing new strategies must establish appropriate guidelines for 
revascularization strategies in patients with diabetes. The Bypass 
Angioplasty Revascularization Investigation 2 Diabetes Trial, 
which is comparing good diabetic control with and without 
various revascularization procedures, should contribute signifi-
cantly to the understanding of appropriate strategies for manag-
ing patients with diabetes.

CVD in elderly individuals, the most rapidly expanding  
U.S. subgroup, is an important public health issue. Prevention 
efforts should be initiated in this group. Elderly individuals  
must be included in clinical trials and comprehensive risk factor 
identification and modification pursued. Because of the poten-
tially debilitating nature of cardiovascular events, primary  
and secondary prevention therapies in elderly individuals are 
especially beneficial.
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CHD is largely preventable in women through diet and  
lifestyle modification, as well as detection and treatment of risk 
factors. Education, lifestyle changes, and prevention efforts will 
make a difference in this patient population.

Major federal initiatives have been launched to eliminate the 
racial and ethnic differences in cardiovascular outcomes. The 
challenges of changing behavior and CVD risk are magnified 
among those of lesser educational background and lower eco-
nomic income, where resources may be lacking to understand 
and afford necessary measures. Developing effective interven-
tions for risk factor reduction among lower socioeconomic 
groups must be a priority.

aDDitional reSourCe

Ridker PM, Buring JE, Rifai N, et al. Development and validation of 
improved algorithms for the assessment of global cardiovascular risk in 
women. The Reynolds Risk Score. JAMA. 2007;297:611–619.

The Reynolds Risk Score provides a way to further risk-stratify women using the 
traditional ATP III risk factors while incorporating family history and high- 
sensitivity CRP. The tool can be accessed on the Internet at: <http://www.
reynoldsriskscore.org/>; Accessed 22.03.10.

EvidEncE

American Heart Association. Heart disease and stroke statistics— 
2008. Update. Dallas: American Heart Association. Available at:  
<http://www.americanheart.org/presenter.jhtml?identifier=3000090>; 
Accessed 09.02.10.

Offers information for medical professionals as well as the lay public to educate 
and provide guidelines for risk factor modification. Information includes diet, 
exercise, and specific disease states (hypertension, CAD, and so forth) in women 
and special populations.

Benjamin EJ, Smith SC, Cooper RS, et al. Magnitude of the prevention 
problem: opportunities and challenges. 33rd Bethesda Conference. J Am 
Coll Cardiol. 2002;40:588–603.

The 33rd Bethesda Conference provides a comprehensive review of problems 
associated with the prevention of CVD and outlines strategies for 
implementation.

Cooper R, Cutler J, Desvigne-Nickens P, et al. Trends and disparities 
in coronary heart disease, stroke, and other cardiovascular diseases in 
the United States. Circulation. 2000;102:3137–3147.

Significant disparities exist for the use of medical and interventional therapies 
among patients with CHD in the United States. These disparities relate to 
difference in treatment related to gender, race/ethnicity, and socioeconomic 
groups.

Executive Summary of the third report of the National Cholesterol 
Education Program (NCEP) Expert Panel on Detection, Evaluation, 
and Treatment of High Blood Cholesterol in Adults (Adult Treatment 
Panel III). JAMA. 2001;285:2486–2497. (Update; Circulation. 2004;
110:227–239.)

Recommendations and concepts for treatment of dyslipidemia are outlined  
with background information in this publication. Further updates to the target 
goals noted in this article are found in the 2006 AHA/ACC Secondary Preven-
tion Update.

Grundy SM, Howard B, Smith Jr S, et al. Prevention Conference VI: 
Diabetes and Cardiovascular Disease: Executive Summary: Conference 
proceeding for healthcare professionals from a special writing group of 
the American Heart Association. Circulation. 2002;105:2231–2239.

The magnitude of and need for therapies related to the increasing prevalence 
of obesity and diabetes are reviewed in this important conference summary.

Mosca L, Banka CL, Benjamin EJ, et al. Evidence-based guidelines for 
cardiovascular disease prevention in women: 2007 update. Circulation. 
2007;115;1481–1501.

Provides the latest data and references regarding the efficacy of cardiovascular 
preventive strategies and therapies for women.

Mosca L, Mochari H, Christian A, et al. National Study of Women’s 
Awareness, Preventive Action, and Barriers to Cardiovascular Health. 
Circulation. 2006;113:525–534.

Provides important evidence indicating low awareness among women that 
cardiovascular disease is the leading cause of death for women.

Smith SC, Allen J, Blair SN, et al. AHA/ACC guidelines for secondary 
prevention for patients with coronary and other atherosclerotic vascular 
disease: 2006 update. Circulation. 2006;113;2363–2372.

The AHA/ACC guidelines for secondary prevention were updated in 2006 to 
reflect the results of the latest randomized clinical trials. Important changes 
include the addition of recommendations for flu vaccine, new optional targets 
for LDL-C, and recommendations regarding angiotensin-converting enzyme 
inhibitor use among patients with normal left ventricular function.

http://www.reynoldsriskscore.org/
http://www.reynoldsriskscore.org/


72 

Genetics in Cardiovascular Disease

Marschall S. Runge and Cam Patterson

I t has been nearly 60 years since Watson and Crick published 
their landmark manuscript on the molecular structure of 

nucleic acids. Since that time, genetics has changed profoundly. 
The human genome (and the genomes of many other species) 
has been sequenced, and the search to identify and characterize 
the estimated 30,000 genes in the human genome continues. 
Genetic testing for both common and unusual diseases is becom-
ing increasingly available, even if the clinical utility of these tests 
is not always clear.

A major challenge for physicians and health care providers 
will be fluency in the language of genetics as decisions on who 
should be screened for genetic causes of disease, how to best 
approach families with heritable diseases, and, ultimately, selec-
tion of patients for genetic-based therapies become more 
common. This information will be particularly important for 
caregivers of patients with cardiovascular diseases, a field domi-
nated by common diseases with complicated genetics.

This chapter on genetics is not comprehensive. Many excel-
lent texts describe all aspects of genetics, from the genetic basis 
of disease to gene therapy. Instead, the goal of this chapter is  
to introduce the clinically important principles of genetics and 
the application of these principles to clinical medicine, with 
particular emphasis on the genetics of cardiovascular diseases 
(Fig. 72-1). A brief glossary of the clinically important terms in 
this chapter is shown in Box 72-1.

MoDern HuMan GenetiCs in  
tHe etioloGy of Disease

Before Mendel described the principles of genetics on the basis 
of his plant studies, it was recognized that a wide variety  
of diseases were familial. Although not the first, Sir William 
Osler is the most recognized modern physician to propose that 
familial clusterings of diseases were linked to specific gene 
abnormalities. Medical genetics became a specialty with the 
recognition that a detailed pedigree made it possible to under-
stand the genetic basis of a given familial disease. However,  
in the mid-twentieth century, genetic screening was only a 
concept, and no quantitative tools existed for it. Biochemical 
screening tests, reflecting the downstream effects of a genetic 
abnormality, were the first “genetic tests” developed. Popula-
tion-wide screening for Tay-Sachs disease, a disease with auto-
somal-recessive inheritance found predominantly in Ashkenazi 
Jews, was one of the first successful applications of such a test. 
A combination of biochemical screening and genetic counseling 
has resulted in a greater than 90% decrease in the occurrence 
of the disease over the past 2 decades, underlining the impor-
tance of this type of screening.

In the late twentieth century, with the advent of reliable 
DNA sequencing, it became possible to demonstrate that dis-
eases could be assigned to a single-nucleotide change in a spe-
cific, important gene. This development led to the idea that 

single mutations “caused” disease, extending the principles of 
Osler: one abnormality, one disease.

With the advent of high-speed DNA sequencing, it has 
become clear that the genetic basis of human disease is much 
more complex than was formerly recognized. There are several 
reasons for this greater complexity. First, mutations in specific 
genes are rarely unique; the same phenotype can result from any 
of a number of mutations in the same gene. Second, nearly 
identical phenotypes can result from a mutation in more than 
one gene. Third, just as genes do not act in isolation, mutations 
often do not have a strict cause-and-effect relationship with 
disease (Fig. 72-2). Often an interaction of a mutation with a 
broad array of environmental factors leads to a given phenotype. 
Finally, humans are not a product of changes in single genes in 
isolation but of many, perhaps hundreds, of polymorphisms 
(Fig. 72-3, upper). Commonly, susceptibility to environmental 
effects depends not on a single gene but on the interactions of 
many genes—often genes for nuclear factors that regulate the 
expression of entire classes of genes. Practical examples are 
discussed in the following section.

GenetiC evaluation:  
seleCteD exaMples

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM), a common disorder 
(occurring in 1 in 500 individuals), was first described as a myo-
cardial abnormality that clinically mimicked aortic stenosis, 
often resulted in sudden cardiac death, and pathologically was 
characterized by asymmetric septal hypertrophy and myocardial 
fiber disarray (see Chapter 19). The genetic characterization of 
HCM was first reported in the late 1980s in a study that impli-
cated an abnormality on chromosome 14. Subsequently, it was 
found, on the basis of studies of a large family, that a single 
mutation in the β-myosin heavy chain was responsible for 
HCM. However, in less than a decade, more than 300 mutations 
in at least 13 genes (ranging from myosins to troponins and 
including other proteins of the contractile apparatus) have been 
reported to produce the phenotype of HCM (see Fig. 72-3, 
middle). Specific mutations in certain genes are associated  
with more or less severe phenotypes and outcomes. Further 
complicating the genetic analysis of HCM is the status of HCM 
as an autosomal-dominant disorder characterized by incomplete 
penetrance. Thus, even though siblings may all carry a muta-
tion, the phenotype’s severity varies on the basis of factors yet 
to be elucidated.

For these reasons, HCM is an excellent example of the types 
of genetic diseases that cardiovascular specialists see. A single 
mutation may be necessary, but not sufficient, to cause HCM, 
and the precise mutation does not entirely predict the disease 
outcome. The genetics for other cardiovascular diseases are 
likely to be even more complicated. Given the sensitivity of 
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figure 72-1 Genetics in cardiovascular medicine. mRNA, messenger ribonucleic acid.

Genotype
DNA genetic code 
for protein

Transcription
mRNA template 
of genetic code

Translation
RNA induction of 
amino acid sequence

Phenotype
Expression of 
encoded protein

Gene regulation of protein synthesis

DNA 
strand

Gene

DNA 
codon

mRNA
complementary 
to DNA bases

mRNA 
codon

Amino acid 
(polypeptide) chain

Specific 
amino 
acids

TYR

MET

VAL

Ribosome

Complementary 
anticodon

Protein-specific sequence 
of amino acids

Double-stranded
DNA molecule

Gene—Composed of multiple 
codons* and occupies a specific 
site or locus on a chromosome. 
Sequence of codons in a gene 
determines sequence of amino 
acids in the corresponding
protein. Each gene 
codes for a specific protein.

Codon—Specific sequence of three bases 
(triplets), which code for a specific amino acid

Base pair
Adenine  A  always pairs with thymine  T 
and guanine  G  always pairs with cytosine  C

A

C
T A

T A

G

CG

A T

AT

AT
CG

CG

GC

TA

TA

C G
C G

G C
T

Sugar-phosphate 
backbone

Chromosome

Gene 
locus

T A�
�

�

�
�
�

�
�
�

A T
C G

A T
T A
G C

G C
T A
C G

T A�
�

�

�
�
�

�
�
�

A T
C G

A T
T A
G C

G C
T A
C G

U U
A A

C C

A A
U U
G G

G G
U U
C C

C
A
G

( )

( ) ( ) ( ) ( )

*Most genes are composed of 
hundreds of thousands of codons.

Genetic coding for protein production

A gene is a segment of DNA that directs the synthesis of one (sometimes more than one) specific polypeptide or protein. Synthesis of a polypeptide occurs in a stepwise 
sequence in which the DNA base triplets (codons) are translated into a complementary set of mRNA codons, which then induce formation of anticodons, identical in 
sequence to the DNA codons (except “U” (uracil) replaces “T” in mRNA sequences). The three-base genetic code then directs the sequential synthesis of amino acids into a 
polypeptide chain. Of note, on any particular segment of a chromosome, DNA sequences are considered to fall into two general categories: (1) exons, which are nucleotide 
sequences that code information for protein synthesis that is copied and spliced together with other sequences to form mRNA, and (2) introns, which are nucleotide 
sequences that do not code information for protein synthesis and are removed before translation of mRNA. For simplicity, a single exon is shown in the diagram.

with
E. Hatton

present genetic assays to identify disease-causing mutations 
(now greater than 70%), the debate regarding the usefulness of 
genetic testing for HCM is diminishing. Genetic testing may be 
useful for diagnosis in situations where diagnosis by other 
methods is uncertain (for example, in highly conditioned ath-
letes who may have physiologic hypertrophy of the heart),  
for risk stratification (certain mutations are associated with  
a higher incidence of sudden cardiac death), and to identify 
mutations that may be present in first-degree relatives of the 
patient. Genetic counseling services should be available for all 

patients undergoing testing. For these reasons genetic testing 
should generally be ordered and interpreted in a specialized 
setting.

Long QT Syndrome

Long QT syndrome (LQTS) describes a group of diseases 
whose common phenotypic feature is an abnormal QT interval 
on the ECG, usually patients with a corrected QT interval 
greater than 440 ms. QT prolongation is associated with sudden 
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Box 72-1 Terminology

alleles—Copies of a specific gene. Humans have two 
alleles for each gene (one each from the biologic father 
and mother). Alleles may have functional differences in 
their DNA sequence. A person with two identical copies 
of an allele is termed homozygous; a person with two 
different copies of an allele is called heterozygous.

Dominant mutation—A mutation in one allele of a gene 
that is sufficient to cause disease. More severe disease 
or lethality may result from a dominant mutation in 
both alleles of a gene.

environmental effects—For this chapter, any 
potentially controllable influence on an individual. 
Examples are diet, exercise, air quality, a response to a 
prescribed or an over-the-counter medication, cigarette 
smoking, and alcohol use.

Genotype—The genetic makeup of an individual. 
Genotype can refer to specific genes or to the overall 
genetic profile.

Mutation—Changes in the DNA sequence of a gene that 
result in a gene product (protein) that has an altered 
sequence. For this chapter, mutations are considered to 
be changes in the DNA sequence of a gene that result 
in either loss of function or severely altered function.

phenotype—The functional effects of genetic changes 
together with environmental influences. For instance, a 
person’s appearance (body build, muscularity, hair 
color), the presence of measurable abnormalities that 
may reflect underlying disease processes, or other 
physical features demonstrate phenotypes. The list of 
measurable abnormalities is almost infinite, from blood 
pressure abnormalities to abnormal biochemical 
measurements (e.g., serum glucose levels) to ECG 
abnormalities reflecting ion channel abnormalities (as 
occur in LQTS) to coronary heart disease measured by 
angiography or endothelial dysfunction measured by 
forearm blood flow variability.

polymorphism—An inherited variation in the DNA 
sequence of a gene that occurs at a greater frequency 
than would be expected of a mutation. Humans have 
thousands of polymorphisms, none of which are 
thought to be solely responsible for disease. 
Technically no different from mutations (a change in 
DNA sequence from “normal”), polymorphisms typically 
alter the gene product more subtly than mutations. It 
is thought that many human phenotypes result from 
the interplay between an individual’s mix of 
polymorphisms and the environment.

recessive mutation—A mutation that requires 
alterations in both alleles of a gene to cause disease 
(except in the case of mutations in the X and Y 
chromosomes).

cardiac death, presumably because of the propensity for  
polymorphic ventricular tachycardia when a premature ven-
tricular contraction occurs in the refractory period (prolonged 
in these cases; see Chapter 29). More than 200 mutations in five 
different genes (all coding for sodium or potassium channel 
proteins) have been reported to cause LQTS (see Fig. 72-3, 
lower). Unlike in families with HCM, both autosomal- 
dominant and autosomal-recessive inheritance are described for 
LQTS, the inheritance depending on the gene involved. Some 

forms of LQTS manifest only when a secondary cause of QT 
prolongation is present, such as electrolyte abnormalities,  
medications, or myocardial ischemia. As with HCM, the diag-
nosis of LQTS can be made by noninvasive (ECG) testing in 
most cases (except in the case of LQTS provoked by a secondary 
cause). For individuals from families with a history of sudden 
cardiac death, careful analysis of the ECG is necessary, and 
provocative testing may be indicated in some circumstances. 
Nevertheless, the genetic basis for LQTS may be highly infor-
mative in terms of prognosis and as a guide to clinical therapy, 
as well as for identifying family members at risk for sudden 
death. LQTS is an excellent example of a spectrum of diseases, 
once clustered together as a single entity, that benefit from 
principles of pharmacogenomics, the use of specific medications 
based on genotype.

Atherosclerosis

Atherosclerosis is the most common polygenic disorder seen by 
cardiovascular specialists. The genetics of atherosclerosis ranges 
from individuals with defects in the low-density lipoprotein 
receptor (familial hypercholesterolemia) or in lamin A/C (pro-
geria), who almost all die prematurely of heart attack or stroke 
regardless of therapy, to the much larger group whose disease 
progression is highly dependent on environmental factors, such 
as diet, exercise, and cigarette smoking. The genetics of this 
latter group, even with what we have learned thus far, remains 
challenging to understand.

Recent studies of the genetics of atherosclerosis have made 
important advances in the identification of risk alleles for ath-
erosclerosis, yet have also raised important questions about the 
utility of applying information about the presence of these risk 
alleles to clinical decision making. Using genome-wide studies 
of genetic variants, several groups simultaneously identified 
polymorphisms on chromosome 9 that identified individuals at 
increased risk for developing coronary atherosclerosis. The 
immediate cross-validation of this risk locus provided a high 
degree of certainty that it does indeed incur increased risk  
of cardiovascular disease. Less certain are the merits of screen-
ing individuals for these risk alleles. For individuals who are 
known to have clinically significant atherosclerosis, knowledge 
of risk allele status is of no value, at least until or if specific 
therapies are developed for patients bearing these polymor-
phisms. For individuals concerned about their future risk of 
cardiovascular disease, it is unclear whether knowledge about 
risk allele status confers additional information beyond known 
clinical risk factors. Time and additional research will clarify 
these issues, but at present the clinical value of genetic testing 
for these risk alleles is not established, even if the tests are now 
easily available.

Metabolic Factors and  
Cardiovascular Diseases

With regard to the large group of individuals at risk  
for heart attack, some advances have been made in understand-
ing the interplay of obesity, diabetes, and atherosclerosis. 
Although much progress has been made in reducing the preva-
lence of most cardiac risk factors (including hypertension, 

LQTS, long QT syndrome.
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figure 72-2 Normal, mutant, and polymorphic gene expression. A, adenine; C, cytosine; G, guanine; T, thymine.

hypercholesterolemia, and cigarette smoking), this favorable 
trend has been counterbalanced by increases in obesity and 
diabetes. As discussed in Chapters 2, 11, and 70, there is a pow-
erful relationship between diabetes mellitus and atherosclerosis. 
According to the Framingham risk calculator, the presence of 
diabetes is equivalent to the presence of some degree of coro-
nary heart disease.

Analogous to the genetics of familial hypercholesterolemia, 
some individuals with diabetes mellitus have well-described 
mutations, whereas the vast majority of individuals with diabetes 

mellitus probably have a spectrum of polymorphisms that  
makes them particularly susceptible to environmental influ-
ences. This susceptibility can often be most easily detected in 
genetically homogeneous populations. One of the best charac-
terized groups with a genetic susceptibility to diabetes is the 
Pima Indians. In a manner analogous to how studies of Amish 
family pedigrees have identified autosomal-recessive genes 
important for diseases ranging from dwarfism to metabolic syn-
dromes to developmental disorders—or more recently as genes 
important for colon cancer were elucidated based on studies in 
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figure 72-3 Genetic and environmental factors in cardiovascular disease. ECG, electrocardiogram; LQTS, long QT syndrome.
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Mormon families—Pima families from the Gila River Indian 
Community in Arizona are being intensively studied in the 
search for genes and polymorphisms important in obesity, dia-
betes, and even the propensity for the metabolic syndrome. 
Interestingly, in the early 1900s, these individuals were lean and 
the incidence of diabetes was low. By the year 2000, nearly all 
of these individuals were morbidly obese and had diabetes. 
During the intervening 100 years there was little genetic change, 
but major environmental changes occurred, as the members of 

these families became more sedentary and their diets became 
richer in animal fats. Insulin resistance (uniformly present in 
patients with the metabolic syndrome) seems to underlie the 
propensity for diabetes in these individuals. At least two differ-
ent groups of genes (those encoding fatty acid–binding proteins, 
such as FABP2, and protein phosphatases, such as protein phos-
phatase 1) are being studied. It is likely that polymorphisms are 
present in this population (either in the target genes being 
studied or in nuclear factors that regulate the expression of those 
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genes) that were benign under the environmental conditions of 
the nineteenth century but that cause significant morbidity 
today. Studies such as these will lead to a better understanding 
of atherosclerosis risk mechanisms and diagnostic and therapeu-
tic approaches for intervention.

Molecular Signatures of Gene Expression

The previous discussion focused on the identification of  
alterations at the DNA level that predict cardiovascular disease. 
It is also possible to assess gene regulation at the messenger 
RNA (mRNA) level simultaneously for hundreds to thousands 
of genes using technology commonly referred to as “microar-
ray” analysis. A microarray consists of probes for expressed 
mRNA species genes robotically placed on a microscope  
slide. A single slide may hold tens of thousands of specific 
probes, approaching coverage of the entire human genome. 
Blood or tissue samples are then processed, and the mRNA 
samples or proteins are hybridized to the microarrays. The  
relative signal for a specific gene or protein from the patient can 
be quantified, comparing expression in “normal” and “abnor-
mal” tissue or blood samples. The goal is to use the assessment 
of these complex, multivariate patterns of gene expression to 
predict the likelihood of disease, disease progression, and 
response to therapy.

Results obtained from microarray analysis suggest that by 
analyzing the response of large classes of genes, it will be pos-
sible to account for the intrinsic variation resulting from the 
interplay of polymorphisms with the environment. Much of 
what is known is based on analysis of gene expression at the 
mRNA level. It is likely that analysis of gene expression at the 
protein level will provide even more meaningful data, but this 
technology lags behind that of mRNA analysis at present.

Molecular signatures are still under investigation for patients 
with cardiovascular disease, but molecular signatures have been 
used in patients with cancer. One of the best examples is in 
women with breast cancer. Gene expression patterns in breast 
cancer tumor biopsy samples have been examined with regard 
to disease progression and the efficacy of chemotherapy. Several 
studies have shown that gene expression patterns can accurately 
predict high-risk versus low-risk status. Many studies are con-
tinuing to determine whether molecular signatures will allow 
clinicians to predict the presence of disease and the response to 
therapy for atherosclerosis, hypertension, diabetes, and other 
cardiovascular diseases.

future DireCtions

As our knowledge of the genetics of cardiovascular diseases 
grows, tools for the treatment of cardiovascular diseases will 
emerge. Many of the approaches described here will become 
clinically useful in coming years. We must be circumspect in 
speculating on when use of these technologies will become com-
monplace; in cardiovascular diseases, optimal clinical outcomes 
often lag decades behind the development of new technologies. 
Gene therapy, the replacement of defective genes with normally 
functioning genes or the use of exogenously administered genes 
to alter function at the cellular level, has been performed for 

several single-gene diseases, with variable efficacy. In the field 
of cardiovascular diseases, several studies have reported the use 
of angiogenic factors or genes for the treatment of severe angina 
or severe peripheral vascular disease. The results are minimally 
positive, sufficient to continue studies but not sufficient to indi-
cate clinical usefulness. A more promising approach than single-
gene replacement is the use of stem cells to replace entire classes 
of genes and even to effect tissue repair. The use of stem cells 
is an area of active investigation, considered more promising 
than single-gene therapy by many, which is also being tested  
in clinical trials. It is hoped that it will become possible to  
individualize therapeutic choices. It is also hoped that it will 
even be possible to develop entire new portfolios of pharmaco-
logic approaches that are customized to particular genetic 
backgrounds.
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W ith approximately 1.2 million new cases each year, coro-
nary heart disease (CHD) is the leading cause of mortal-

ity and morbidity in the United States. Epidemiologic studies 
show that low levels of habitual physical activity and physical 
fitness are associated with markedly increased all-cause mortal-
ity rates. Individuals with a sedentary lifestyle have a relative risk 
of 1.9 for CHD, compared with those with an active occupation 
and/or lifestyle. As many as 250,000 deaths per year in the 
United States, approximately 12% of all deaths that occur in the 
United States annually, are probably attributable to a lack of 
regular physical activity. It has been estimated that the direct 
medical costs of physical inactivity in 2000 were U.S. $76.6 
billion. The number of Americans with a sedentary lifestyle 
continues to increase despite its designation as a modifiable risk 
factor for CHD.

It is never too late to change behavior and achieve health 
benefits. Even a midlife increase in physical activity is associated 
with a decreased risk of death and disability. Epidemiologic 
research has shown that physical activity lowers the risk of 
CHD, stroke, hypertension, metabolic syndrome, and non–
insulin-dependent diabetes mellitus. Physical activity also  
results in weight loss when combined with diet, improved car-
diorespiratory fitness, and prevention of falls. The recently  
published Physical Activity Guidelines Advisory Committee 
Report, 2008 provides the most current, comprehensive review 
of the exercise literature and the evidence of a lifetime benefit 
from regular exercise. These guidelines recommend that adults 
(ages 18–64 years) should exercise 2 hours and 30 minutes  
per week at moderate intensity or 1 hour and 15 minutes a week 
at vigorous intensity. This exercise should involve aerobic physi-
cal activity or an equivalent combination of moderate- and 
vigorous-intensity aerobic physical activity. Activities should  
be performed in episodes of at least 10 minutes in duration  
and ideally should be spread across the week. In addition,  
muscle-strengthening activities that involve all major muscle 
groups should be performed on 2 or more days a week. The 
Physical Activity Guidelines Advisory Committee Report also 
recommended increasing the duration of weekly moderate-
intensity physical activity to 5 hours weekly for additional health 
benefits. Older adults are advised to follow the same guidelines. 
If adopted by the public at large, these guidelines would result 
in substantial improvement in physiologic health throughout 
the population. In addition to physiologic health, exercise 
improves psychological health. The psychological benefits of 
exercise include positive changes in mood; relief from tension, 
depression, and anxiety; increased ability to cope with daily 
activities; and improved cognitive function. These benefits 
bring about positive changes in self-perception, well-being,  
self-confidence, and awareness, and may result in more health- 
promoting behaviors.

Increasing physical activity is extremely important, but 
achieving a higher level of fitness is even more important, espe-
cially for individuals who are at high risk for CHD or have 
experienced a cardiac event and require rehabilitation. Partici-
pating in a high-level exercise program, whether before or  
after a cardiac event, results in substantial improvement in car-
diovascular (CV) risk factors including resting blood pressure 
(BP), lipid levels, body composition, and insulin sensitivity. This 
chapter addresses specific issues related to exercise, primary and 
secondary prevention, and the rationale for exercise prescription 
to patients with heart failure (HF).

DEfinitions

Numerous terms are used in the literature in reference to exer-
cise and physical activity. In this chapter, we have used these 
terms as they are commonly defined. Physical activity is any 
bodily movement produced by contraction of skeletal muscle 
that increases energy expenditure above the basal level. Physical 
activity is generally categorized by mode, intensity, and purpose. 
Leisure activities are considered to be physical activities per-
formed by a person that are not required as essential activities 
of daily living and are performed at the discretion of the person. 
Leisure activities include sports participation, exercise condi-
tioning or training, and recreational activities such as going for 
a walk, dancing, and gardening. Exercise is considered a subcat-
egory of physical activity that is “planned, structured, and repet-
itive” and generally has a purpose to improve or maintain some 
aspect of physical fitness. Physical fitness has been defined in 
many ways, but an accepted definition is “the ability to carry out 
daily tasks with vigor and alertness, without undue fatigue and 
with ample energy to enjoy leisure-time pursuits and meet 
unforeseen emergencies.” There are many components to 
fitness, both performance and health related. Health-related 
fitness consists of cardiorespiratory fitness, muscle strength and 
endurance, body composition, flexibility, and balance.

Primary PrEvEntion

There is a strong inverse relationship between physical activity 
and the risk of coronary disease and death. Across studies there 
is an estimated 30% risk reduction in all-cause mortality, com-
paring the most physically active subjects with the least active 
subjects. Similar CV benefit from fitness also exists in both sexes 
and across different races and ethnic groups (Fig. 73-1). The 
inverse dose-response relation for total volume of physical activ-
ity is curvilinear, meaning that those with the lowest physical 
activity levels have the largest risk reduction with increased 
physical activity. Several studies in men support a role for physi-
cal activity in reducing the risk of mortality. In nonsmoking, 
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figure 73-1 Effects of exercise on cardiovascular health: primary prevention. HDL-C, high-density lipoprotein cholesterol; 
LDL-C, low-density lipoprotein cholesterol; PAI-1; plasminogen activator inhibitor type 1; tPA, tissue plasminogen 
activator; Vo2max, oxygen consumption; VLDL-C, very-low-density lipoprotein cholesterol.
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Physical activity guidelines are targeted to increase physical activity to promote health, but they will not necessarily result in physical fitness
and should not diminish the importance of achieving physical fitness.

Epidemiologic research has demonstrated protective effects of varying strength between
physical activity and risk for coronary heart disease. Guidelines from different centers
of research now strongly recommend at least 150 minutes of moderate-intensity physical 
activity per week; however, even greater benefits are seen and cardiovascular risk
factors are even more reduced with 200 minutes of physical activity per week.
In addition to the recommendations to increase activity related to aerobic capacity,
the current guidelines strongly encourage participation in activities that promote
flexibility and strength. Benefit from fitness has been found both in men and in
women and across different races and ethnic groups.

Positive changes in mood and self-perception
and relief from tension, depression, and anxiety
and, consequently, the deleterious effects related
to these emotional conditions
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retired men aged 61 through 81 years who had other risk factors 
controlled, the distance walked daily at baseline inversely pre-
dicted the risk for all-cause mortality during a 12-year follow-
up. Of 10,269 Harvard alumni born between 1893 and 1932, 
those individuals who began moderately vigorous sports between 
1960 and 1977 had a reduced risk of all-cause and CHD-related 
death over an average of 9 years of observation compared with 
those who did not increase sports participation. This finding was 

independent of the effects of lower BP or lifestyle behaviors 
related to low cardiac risk, such as cessation of smoking and 
maintenance of lean body mass. Data on the leisure-time physi-
cal activity levels of men participating in the Multiple Risk 
Factor Intervention Trial (MRFIT) support a reduction of risk 
for all-cause and CHD-related fatalities when leisure time is 
spent doing moderate or high (as compared with low) levels of 
physical activity. The effect was retained when confounding 
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factors, including baseline risk factors and MRFIT intervention 
group assignments, were controlled. Mortality rates for the high 
and moderate physical activity groups were similar. The Lipid 
Research Clinics Mortality Follow-up Study found that men 
with a lower level of physical fitness, as indicated by heart  
rate (HR) during phase 2 (submaximal exercise) of the Bruce 
Treadmill Test, are at significantly higher risk for death due to 
CV causes within 8.5 years as compared with men who are 
physically fit.

The same benefits from physical activity accrue for women. 
In women, higher physical activity level has been related to an 
improved health outcome in several longitudinal studies. The 
Iowa Women’s Health Study observed 40,417 postmenopausal 
women for 7 years; moderate and vigorous exercise were associ-
ated with a reduced risk of death. This reduction of risk was 
present for all-cause mortality and specifically for deaths result-
ing from CV and respiratory causes.

Women who increase their frequency of activity from rarely 
or never to four or more times per week also have a reduced 
risk of death. The Women’s Health Initiative (73,743 post-
menopausal women) and the Nurses’ Health Study (72,488 
women aged 40–65 years) assigned subjects into quintiles based 
on energy expenditure. Age-adjusted risk decreased incremen-
tally from the lowest to the highest energy expenditure group, 
was statistically significant when other CV risk factors were 
controlled, and was similar in white and black women. In addi-
tion, energy expenditure from vigorous exercise or walking and 
time spent walking were linked to a lowered risk for the develop-
ment of CHD. This inverse relation between CHD risk and 
activity level has also been observed in groups of women with 
other high-risk factors, including smokers and women with high 
cholesterol levels, though not for hypertensive women. In one 
study of postmenopausal women, the odds ratios for nonfatal 
myocardial infarction (MI), adjusted for confounding factors, 
decreased across the second, third, and fourth highest quartiles 
of energy expenditure compared with the lowest quartile. Exer-
cise equivalent to 30 to 45 minutes of walking 3 days per week 
decreased the risk for MI by 50%.

Studies show that in black and white men and women, lack 
of exercise is associated with a higher risk of 5-year all-cause 
mortality, independent of age, male sex, low income, BP, or a 
number of CV measures (left ventricular [LV] ejection fraction, 
abnormal ECG) or other physiologic measures (e.g., glucose 
level, creatinine level). A community-based study of elderly 
adults (aged 65 years or older) with no history of heart disease 
showed that walking at least 4 hours weekly significantly reduced 
the risk of hospitalization due to CV disease events during the 
subsequent 4 to 5 years.

The epidemic of obesity in the United States has significantly 
impacted the development of CHD, hypertension, diabetes, and 
other atherosclerosis risk factors. In 2005, it was estimated that 
approximately 66% of the adult population over the age of 20 
was overweight with a body mass index (BMI) of over 25, and 
31% were obese (BMI >30). The prevalence of obesity differs 
across racial/ethnic and socioeconomic groups. Native Ameri-
cans, African Americans, Hispanics, and Pacific Islanders have 
significantly higher BMIs when compared with whites and Asian 
Americans. There is also a significant sex-ethnicity interaction. 
African American women have a much higher prevalence (54%) 

compared with Mexican American (42%) and white (30%) 
women. This holds true for men as well, although the preva-
lence is lower (34%, 32%, and 31%, respectively). The total 
estimated costs in 2002 related to obesity were U.S. $132 billion. 
There is a dose-response relationship between physical activity 
and weight loss, but in general, successful weight loss and main-
tenance is a complex issue, which includes caloric restriction in 
addition to increased physical activity. Several studies have 
shown that anthropometric measures (BMI, waist circumfer-
ence, waist-hip ratio) are associated with CHD risk factors and/
or adverse events. The increased risk is partially explained by 
the milieu of insulin resistance, inflammation, and other athero-
sclerotic risk factors associated with obesity. While weight loss 
is important and improves CV risk factors, the direct benefit of 
weight reduction alone on CV risk is not clear. However, physi-
cal activity reduces CV risk. A study of women being evaluated 
for suspected myocardial ischemia found that measures of 
increased BMI, waist circumference, waist-hip ratio, and waist-
height ratio were not independently associated with coronary 
artery disease (CAD) or adverse CV events. Lower levels of 
self-reported physical fitness scores were associated with higher 
prevalence of CHD risk factors and angiographic CAD and 
higher risk of adverse events during follow-up, independent of 
other risk factors. This supports the findings that fitness may be 
more important than overweight or obesity in women and men.

sEConDary PrEvEntion

Recent studies have conclusively demonstrated that exercise and 
fitness are as beneficial for patients with an established diagnosis 
of CHD as for those who do not have known CHD (Fig. 73-2). 
In subjects with higher levels of physical activity, there is a 20% 
to 35% lower risk for CV disease, CHD, and stroke compared 
with those with the lowest levels of activity. In a large study of 
men with established heart disease, regular light to moderate 
activity (such as 4 hours per week of moderate to heavy garden-
ing or 40 minutes per day of walking) was associated with 
reduced risk of all-cause and CV mortality compared with a 
sedentary lifestyle. Another large study assessed men’s health 
status and physical fitness during two medical examinations 
scheduled approximately 5 years apart. Men who were unfit at 
both examinations (baseline and 5 years later) had the highest 
subsequent 5-year death rate (122/10,000 man-years). The 
death rate was substantially lower in initially unfit men who 
improved their fitness (68/10,000 man-years) and lowest in  
the group who maintained their fitness from the first to the 
second examination (40/10,000 man-years). The mortality risk 
decreased almost 8% for each minute that the maximal treadmill 
exercise time at the second examination exceeded the baseline 
treadmill time. These results were retained when subjects were 
stratified by health status, demonstrating that unhealthy as well 
as initially healthy individuals benefited from exercise fitness.

Exercise intervention experiments have documented better 
health and survival even in patients who have experienced an 
MI. In one randomized study, patients were enrolled in a reha-
bilitation program of three 30-minute periods of exercise 
weekly, while other patients—matched by age, sex, coronary  
risk factors, site and level of cardiac damage, and acute-phase 
complications—served as controls. At 9 years after the initial 



612 SECTION X • Impacting Heart Disease: Future Directions

Studies have also shown that intensive exercise on a regular
basis associated with a low-fat, low-cholesterol diet may be
associated with regression in atherosclerotic coronary lesions,
an increase in myocardial oxygen consumption, and a decrease
in stress-induced myocardial ischemia.

It has been found that exercise of light to
vigorous intensity (moderate to heavy
gardening, jogging, cycling, swimming, etc.)
and fitness are beneficial in patients with
established diagnoses of coronary heart
disease, including those who experienced a
myocardial infarction, lowering mortality from
acute myocardial infarction and frequency of
angina pectoris, and increasing functional
capacity and reduction of myocardial work.

figure 73-2 Secondary prevention.

MI, the rate of death caused by acute MI and the frequency  
of angina pectoris were lower in the treatment group. In the 
National Exercise and Heart Disease Project, male post-MI 
patients were randomly assigned to a 3-year program of super-
vised regular vigorous exercise (jogging, cycling, or swimming) 
or to regular care not involving an exercise program. Subjects 
were reevaluated at 3, 5, 10, 15, and 19 years to determine  
total and CV-related mortality. A moderate advantage of the 
treatment versus control condition in reducing the risk of  
all-cause and CV death was seen at the first follow-up time  
point but diminished and eventually reversed as the time since 
baseline increased. This may indicate that the benefits of an 
intensive exercise program are time-limited or may also be 

related to several other factors (see later discussion). In any case, 
that each metabolic equivalent unit by which the participant’s 
work capacity increased from the outset to the completion  
of the 3-year program resulted in an incremental reduction  
in total and CV-related mortality suggests that increasing  
exercise fitness did promote survival and that failure to observe 
a long-term benefit in the treatment group versus the control 
group may have resulted from crossover between the two  
groups during the protracted follow-up period, improvements 
in medical therapy (routine use of statins), and/or revasculariza-
tion approaches.

A large meta-analysis of 10 randomized clinical trials of 
post-MI patients showed that cardiac rehabilitation with exer-
cise reduced all-cause mortality by 24% and CV death by 25% 
versus control subjects. However, the risk of nonfatal recurrent 
MI did not differ between groups.

Exercise training plays an important role in post-MI  
rehabilitation. Significant increases in functional capacity  
(10% to 60%) and reductions of myocardial work at standard-
ized exercise workloads (10% to 25%) have been observed  
after 12 weeks of post-MI cardiac rehabilitation. The Exercise 
in Left Ventricular Dysfunction Trial demonstrated that  
exercise training after an MI may also improve ventricular 
remodeling and LV function. The American Heart Association 
(AHA) guidelines on physical activity in secondary prevention 
after MI, bypass surgery, or clinical ischemia recommend that 
the maximal benefit occurs when an exercise–cardiac rehabilita-
tion program is initiated at supervised facilities where symp-
toms, HR, and BP can be monitored. A symptom-limited 
exercise test is essential for all participants before starting an 
exercise program.

Limiting Coronary  
Atherosclerotic Progression

Several randomized intervention studies have evaluated the 
influence of exercise training on progression of coronary ath-
erosclerosis. In one, patients with a history of stable angina were 
randomized to receive a behavioral intervention (2 or more 
hours per week of intensive exercise group training sessions,  
at least 20 minutes per day of exercise, and a low-fat, low- 
cholesterol diet) or usual care. After 1 year, 32% of the treat-
ment group versus 9% of the control group had regression in 
atherosclerotic coronary lesions, and, conversely, 48% of the 
control group versus 23% of the treatment group had progres-
sion of lesions. These differences were statistically significant. 
Other changes in the treatment group included reductions in 
weight, total cholesterol, and triglyceride levels, and increases 
in high-density lipoprotein cholesterol (HDL-C) levels, work 
capacity, and myocardial oxygen consumption. Stress-induced 
myocardial ischemia also decreased from the intervention, 
which was presumably attributable to enhanced myocardial per-
fusion. At 6 years’ follow-up, the progression of CAD was still 
significantly slowed in the treatment group compared with the 
controls. Retrospective analysis of exercise intensity and angio-
graphic data revealed that eliciting a regression of coronary 
stenosis necessitated expenditure of at least 2200 kcal/week 
(equivalent to 5–6 hours of exercise).
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In the Stanford Coronary Risk Intervention Project, patients 
received a behavioral risk reduction intervention or usual care. 
Intervention programs were similar to those in the aforemen-
tioned studies, but smoking cessation and pharmacologic treat-
ment of lipid profiles (according to established treatment 
guidelines) were added. Evaluation at 4 years after baseline 
revealed that the risk reduction intervention significantly 
improved levels of low-density lipoprotein cholesterol (LDL-
C), apolipoprotein B, HDL-C, triglycerides, body weight, exer-
cise capacity, cholesterol, and intake of dietary fat. These 
positive changes were not seen in the control group. The rate 
of coronary stenosis progression and the number of hospitaliza-
tions were also lower for the intervention group, although each 
group experienced the same number of deaths.

The Lifestyle Heart Trial used an intervention program to 
transform lifestyle behaviors, including a low-fat vegetarian diet, 
aerobic exercise, stress management training, smoking cessa-
tion, and group psychosocial support. Follow-up angiograms at 
1 and 5 years after baseline showed an average relative decrease 
in stenosis of 4.5% and 7.9%. Conversely, individuals in the 
control group showed a 5.4% and 27.8% average relative wors-
ening of stenosis. The 5-year risk of adverse cardiac events was 
also significantly greater in the control group.

Based on these findings, it is apparent that programs intro-
ducing intensive measures to alter coronary risk-promoting 
behaviors, especially via exercise training and cholesterol reduc-
tion, can limit or even reverse the progression of coronary 
stenosis. Although the associated changes in coronary diameter 
were relatively small and therefore unlikely by themselves to 
explain the accompanying improvements in myocardial perfu-
sion, improvements in vascular tone and reduction in the risk 
of plaque rupture (see Chapters 2 and 11) may have contributed 
to the observed outcomes.

PHysiology of ExErCisE EffECts  
on CarDiovasCular HEaltH

Oxygen Supply and Demand

Ventilatory oxygen uptake is increased by exercise training via 
enhanced maximum cardiac output (blood volume ejected by 
the heart per minute, which determines the amount of blood 
delivered to exercising muscles) and the muscles’ capacity to 
extract and use oxygen from blood. Increased exercise capacity 
in turn favorably affects hemodynamic, hormonal, metabolic, 
neurologic, and respiratory function. Exercise training reduces 
the myocardial oxygen demand associated with a given level of 
work, as represented by a decrease in the product of HR times 
systolic arterial BP, and allows persons with CHD to attain a 
higher level of physical work before reaching the threshold  
at which an inadequate oxygen level results in myocardial  
ischemia (Box 73-1).

Lipids

Exercise training regimens in general all favorably alter lipid and 
carbohydrate metabolism. The positive effect of a low-saturated- 
fat, low-cholesterol diet on blood lipoprotein levels is enhanced 
by a strict regular exercise regimen in overweight adults. 

Box 73-1 Benefits of Exercise Training

• Reduces all-cause mortality risk
• Reduces cardiovascular mortality risk
• May limit atherosclerotic progression
• Enhances oxygen uptake
• Reduces myocardial work
• Constructively alters lipid and carbohydrate metabolism
• Influences adipose relocation
• Enhances insulin sensitivity
• Reduces the conversion of HDL-C into LDL-C and 

VLDL-C
• May suppress platelet adhesiveness and aggregation
• Increases activity of mitochondrial enzymes
• Lowers blood pressure
• Improves functional capacity and peak oxygen 

consumption in heart failure

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density 
lipoprotein cholesterol; VLDL-C, very-low-density lipoprotein 
cholesterol.

Training also influences adipose tissue relocation, which is 
thought to be important in lowering CV risk. Intense endurance 
training also enhances insulin sensitivity and has a highly salu-
tary effect on fibrinogen levels in healthy older men.

The beneficial effects of exercise on lipids are at least part  
of the benefits that result in primary and secondary prevention 
of heart disease in the studies reviewed here. Kraus and col-
leagues examined the effects of graded exercise on serum  
cholesterol in sedentary and overweight adults with hyper-
lipidemia who completed a 6-month protocol. Comparing  
the three treatment exercise programs—high-amount, high-
intensity exercise; low-amount, high-intensity exercise; and  
low-amount, moderate-intensity exercise—with controls, all 
exercising groups showed improvements in plasma lipoprotein 
levels, including a decrease in very-low-density lipoprotein cho-
lesterol (VLDL-C) triglycerides and an increase in the size of 
LDL-C particles. Increased HDL-C levels and particle size 
occurred only in the high-amount, high-intensity group; the 
largest improvements in LDL-C measures were also seen only 
in this group. These effects were independent of weight loss, 
and higher amounts of exercise were associated with greater 
benefits in lipoproteins. A recent meta-analysis supports the 
findings that volume of exercise exposure is the primary deter-
minant of HDL-C change.

Mechanisms that link exercise with an improved lipoprotein 
profile may include increased lipoprotein lipase activity and 
reduced hepatic lipase activity, leading to HDL-C increases and 
decreased conversion of cardioprotective HDL2 into smaller 
HDL3 particles. Exercise reduces the conversion of HDL-C 
into LDL-C and VLDL-C by decreasing serum concentrations 
of cholesterol ester transfer protein. It increases the conversion 
of HDL3 to HDL2 by increasing levels of serum lecithin cho-
lesterol acyltransferase. LDL-C does not seem to be as respon-
sive to exercise training as HDL-C and triglycerides.

Triglyceride levels are consistently and robustly affected in 
direct correlation to the total amount of exercise, similar to 
those changes seen in HDL-C (10–20 metabolic equivalent 
tasks—hours per week), although some reports suggest that 
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women are more resistant to changes in triglycerides with  
exercise than men.

Metabolic Syndrome and Diabetes

Metabolic syndrome is a cluster of metabolic risk factors  
that promote development of atherosclerotic CV disease. Risk 
factors include atherogenic dyslipidemia, hypertension, elevated 
blood glucose, central adiposity, and proinflammatory and  
prothrombotic markers. Prospective studies have demonstrated 
a twofold increase in the relative risk of atherosclerotic events 
and, for those without diabetes, a fivefold increase in the risk  
for developing diabetes. The Adult Treatment Panel III criteria 
for diagnosis of metabolic syndrome is the presence of any  
three of the following criteria: (1) waist circumference greater 
than 40 inches in men and greater than 35 inches in women,  
(2) triglycerides greater than 150 mg/dL or drug treatment,  
(3) low HDL-C or drug treatment (<40 mg/dL in men; 
<50 mg/dL in women), (4) elevated BP or drug treatment 
(>130/85 mm Hg), and (5) fasting glucose greater than 
100 mg/dL or drug treatment.

Regular physical activity is associated with a 30% to 40% 
lower risk for developing metabolic syndrome. There is an 
inverse dose-response association between level of activity and 
risk. The minimal amount of activity necessary to prevent meta-
bolic syndrome ranges from 120 to 180 minutes of activity per 
week. These findings are consistent for both men and women. 
There have been no prospective trials to examine exercise train-
ing as a treatment to reverse metabolic syndrome.

Currently it is estimated that 17.9 million Americans have 
been diagnosed with diabetes and that another 6 million are 
undiagnosed. There were 1.6 million new cases of diabetes diag-
nosed in 2007, and it is estimated that the prevalence will double 
by 2050. The death rate from diabetes in 2004 was 24.5%, with 
the majority dying from some form of heart disease. Numerous 
large-cohort studies have demonstrated the benefit of physical 
activity in preventing type 2 diabetes. In the Nurses’ Health 
Study, walking and vigorous activity were associated with a 
decreased risk for diabetes, with greater physical activity provid-
ing the most benefit. The estimate across studies is a 30% to 
40% lower risk for developing type 2 diabetes for those with 
moderate levels of activity. The benefits are seen for both men 
and women, as well as young and old and for different races–
ethnic groups. The data indicate that at least 120 to 150 minutes 
of moderate to vigorous physical activity are needed to signifi-
cantly lower risk for diabetes.

Type 2 diabetes is associated with reduced exercise capacity, 
which is associated with cardiac and hemodynamic abnormali-
ties. Exercise increases the activity of mitochondrial enzymes, 
which improves muscle energetics. Even modest levels of exer-
cise increase insulin sensitivity and reduce visceral adipose tissue 
and plasma triglycerides. Women with diabetes who exercise 
moderately or vigorously for at least 4 hours per week have  
a 40% lower risk of developing coronary disease than those  
with lower exercise levels. Low physical activity in men with 
diabetes is an independent predictor for CHD. Several cohort 
studies have shown that CV fitness and physical activity levels 
are inversely correlated with mortality and/or CV disease  
event rates in subjects with type 2 diabetes. In the Nurses’ 

Health Study of 5000 diabetic women followed for 14 years, the 
relative risk for CV events decreased progressively with increas-
ing weekly volume of moderate to vigorous activity. This rela-
tionship remained after adjusting for smoking, BMI, and other 
CV risk factors.

Blood Pressure

Maintaining a habitual exercise routine can lower BP by as  
much as 5 to 15 mm Hg in patients with critical hypertension; 
mean reductions of 4 to 5 mm Hg systolic pressure and 3 to 
5 mm Hg diastolic pressure are widely reported. Just as perse-
verance with an exercise program elicits a hypotensive response, 
detraining is associated with an increase in BP toward the pre-
exercise level. Reductions in circulating norepinephrine level, 
plasma volume, and cardiac index parallel the reduction in BP 
and are probably involved in the antihypertensive consequences 
of exercise. Reduced systemic vascular resistance resulting from 
decreased sympathetic activity probably also affects BP.

rolE of ExErCisE training  
in HEart failurE

Heart failure (HF) is a growing problem in the industrialized 
world and has reached epidemic proportions in the United 
States. Although the central effects of HF are pulmonary and 
peripheral vascular congestion, many patients believe that  
exercise limitation is the most troubling feature. Traditional 
therapies, such as angiotensin-converting enzyme inhibitors, 
β-blockers, and spironolactone show impressive reductions in 
mortality with somewhat less significant improvement in func-
tional capacity. Hence, there is a need for therapies targeted at 
improving functional capacity. Exercise training was once pro-
hibited in HF patients out of concern for patient safety. However, 
it is now recognized as a therapeutic option for improving func-
tional capacity in patients with HF (Fig. 73-3).

In HF, mechanical function and functional capacity do not 
always have a direct correlation. LV ejection fraction is a poor 
index of exercise capacity in patients with chronic HF; there-
fore, other factors must contribute to exercise intolerance in 
HF. The physiologic mechanisms for exercise intolerance in 
HF, albeit incompletely understood, help to explain the poten-
tial benefits of exercise training.

Among the factors contributing to exercise limitation are 
impaired LV systolic and diastolic function, baroreflex desensi-
tization, sympathetic nervous system activation, impaired vaso-
dilator capacity, skeletal muscle abnormalities, and abnormalities 
of pulmonary function. Skeletal muscle abnormalities in patients 
with HF include atrophy of highly oxidative, fatigue-resistant 
(type I) muscle fibers; increased glycolytic, less fatigue-resistant 
(type II) muscle fibers; decreased mitochondrial oxidative 
enzyme concentration and activity; reduced mitochondrial 
volume and density; and reduced muscle bulk and strength. As 
HF progresses, patients become more physically limited because 
of pulmonary congestion and therefore reduce physical activity, 
causing a downward spiral in which cardiac limitation aggravates 
skeletal muscle deconditioning. The increases in circulating 
cytokines, part of the HF syndrome, further worsen muscle 
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Once prohibited in heart failure, exercise training has only recently been recognized as a viable therapeutic option for improvement of functional
capacity. Most of the abnormalities seen in HF can be improved or even reversed by exercise training.

Patient should be seen by a cardiologist to
assess the clinical risk for initiation of training.
Exercise intensity should be at the minimum
level required to produce a training effect but
below the threshold at which cardiac signs and
symptoms develop.

Abnormal expression of
arginine vasopressin and
atrial natriuretic peptide

Abnormal, increased neurohumoral activation of
sympathetic nervous system and renin–angiotensin–
aldosterone system

Dyspnea caused by muscle fatigue and hyperventilation

Loss of highly oxidative and fatigue-resistant (type I)
muscle fibers and oxidative capacity; increase in
glycolytic less fatigue-resistant (type II) muscle fibers
and muscle fatigue; reduced mitochondrial volume
and mitochondrial oxidative enzyme concentration

Decreased heart rate variability
and endothelial dysfunction

Baroreflex desensitization

Reduced lung volumes, increased airway
resistance; reduced diffusion capacity

Some of the abnormalities seen in HF that can be improved or even reversed by exercise training

figure 73-3 Exercise training in heart failure (HF).

atrophy. Reduced peak skeletal muscle blood flow with exercise 
limitation also reduces shear stress and thereby depletes tissue 
vasodilator reserve.

Pulmonary abnormalities are also common in HF, including 
reduced lung volumes and respiratory muscle strength and 
endurance; increased airway resistance with reduced flow rates; 
reduced diffusion capacity as a result of alveolar edema; and 
increased ventilatory drive, minute ventilation, respiratory rate, 
and dead space–to–tidal volume ratio. The effects of training on 
these ventilatory abnormalities in patients with HF include 
reduction in minute ventilation, reduced perceived sense of 
dyspnea, and improved respiratory muscle function.

The well-documented, abnormal activation of neurohor-
mones in chronic HF is associated with a poor prognosis. An 
exercise training program can correct the increased plasma 
levels of angiotensin II, aldosterone, arginine vasopressin,  
and atrial natriuretic peptide in chronic HF to near-control 
values. Decreased HR variability, which is markedly abnormal 
in patients with HF, is a further marker of sympathetic  
activation. A physical conditioning program can improve  
HR variability and endothelial dysfunction in patients with 
chronic HF.

Clinical trials of exercise training in HF show improve-
ments in exercise time, functional capacity, and peak oxygen 

consumption. Exercise training seems to be safe and generally 
well tolerated in patients with HF. One randomized trial found 
a reduction in cardiac events, an improvement in Minnesota 
Living with Heart Failure scores, and, most importantly, an 
improved survival rate in patients with HF who were random-
ized to exercise training. The Heart Failure—A Controlled 
Trial Investigating Outcomes of Exercise Training (HF-
ACTION) Trial was sponsored by the National Institutes of 
Health and designed to test the hypothesis that patients with 
LV systolic dysfunction and New York Heart Association class 
II through IV symptoms who are given exercise training in addi-
tion to usual care would have a 20% lower rate of death and 
hospitalization over 2 years as compared with usual care. The 
initial results reported at the AHA Scientific Sessions in 2008 
showed a balanced randomization of 2331 patients to exercise 
or usual care. Exercise consisted of a 36-week supervised train-
ing program followed by a home-based program. The mean 
follow-up was 2.5 years. The rates of all-cause mortality and 
all-cause hospitalizations combined were not significantly dif-
ferent between the two groups. Using a prespecified adjustment 
for prognostic factors, there was a significant reduction in the 
composite primary outcome by 11% (HR 0.89, confidence 
interval [CI] 0.81–0.99, P = 0.03), and a composite of CV mor-
tality–HF hospitalizations were reduced by 15% (HR 0.85, CI 
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0.74–0.99, P = 0.03). Importantly, there were no differences in 
adverse events between the two groups, indicating that exercise 
training in this population is safe. There was also a statistically 
significant improvement in quality of life in the exercise training 
group. The findings of HF-ACTION offer good evidence for 
recommending exercise as a safe but modestly effective treat-
ment for patients with HF.

Exercise training in patients with HF is best initiated within 
a traditional phase II (outpatient) cardiac rehabilitation program. 
Patients should be prescreened by a cardiologist to assess the 
clinical risk for training initiation. Most patients with New York 
Heart Association class II through IV symptoms can exercise 
safely; however, patients with unstable symptoms, recent MI, 
unstable angina, severe aortic stenosis, uncontrolled arrhyth-
mias, significant hypotension (systolic BP <85 mm Hg), or 
acute myocarditis should be excluded. Chronotropic response 
may be blunted in patients with HF, so the level of perceived 
exertion and dyspnea should be used as a termination point and 
should be no higher than 11 to 14 on the Borg scale (light to 
somewhat difficult exertion). Patients with HF require pro-
longed warm-up and cool-down periods compared with healthy 
individuals and should avoid resistance training initially. Patients 
also should be counseled to avoid exercise after meals. The usual 
recommended activities, walking and cycling, arm ergometry 
(e.g., using arm motion, instead of leg motion, to peddle  
an upright stationary bicycle), and rowing, are well suited for 
individuals whose walking or cycling is limited by arthritis or 
conditions other than CV fatigue.

Exercise intensity should be at the minimum level needed to 
produce a training effect but below the threshold at which 
cardiac signs and symptoms develop. A baseline maximal oxygen 
consumption (MVo2) study can be helpful in designing the exer-
cise prescription but is not mandatory. Target intensity should 
begin at 40% of the MVo2 and progress to 75% of the MVo2 
(roughly 70% to 85% of peak HR) over 4 to 6 weeks. Initially, 
the frequency of exercise generally should be three times per 
week. MVo2 plateaus when the frequency of exercise exceeds 
three to five sessions per week, and the injury rate increases 
exponentially. In frail or high-risk individuals, two sessions  
per week may also be effective for initial conditioning. The 
frequency of exercise should eventually increase to five sessions 
per week.

Exercise sessions should begin with a 10- to 15-minute 
warm-up and end with a 10- to 15-minute cool-down. The 
initial duration of exercise should be 10 to 20 minutes. Interval 
training may be required in markedly deconditioned patients, 
with 2 to 6 minutes of exercise alternating with 1 to 2 minutes 
of rest. Duration should increase gradually to 20 to 40  
minutes per session. After 12 weeks, patients can proceed to 
unsupervised exercise and can consider light to moderate resis-
tance training.

futurE DirECtions

Increasing physical activity and exercise in patients at risk for 
and with CHD should be a primary intervention in all patients. 
The documented benefits for CV risk reduction, as well as 
reduction in the progression of (and in some cases normalization 

of) metabolic syndrome and type 2 diabetes, make this one of 
the most effective therapies in a practitioner’s arsenal. It must 
be noted that the obstacles to convincing a patient to engage in 
regular exercise are significant and begin with patient motiva-
tion. Further research is needed to learn more about dosing  
of exercise and physical activity, as well as better methods to 
improve subject compliance and adherence with prescribed 
exercise. In addition, public policy changes are necessary to alter 
aspects of our society that promote sedentary habits in children 
and adults, which contribute to obesity, diabetes, and CHD 
progression.
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Treatment of Lipid Abnormalities

Ross J. Simpson, Jr., and Sidney C. Smith, Jr.

F or most individuals at risk of coronary heart disease (CHD), 
elevated serum lipid levels are a dominant modifiable risk 

factor. Lipid levels can be modified by several types of interven-
tions—appropriate dietary, exercise, and drug programs to 
lower key components of serum lipid levels—which together 
represent the most important strategies for reducing an indi-
vidual’s risk for CHD. This chapter reviews mechanisms by 
which key blood lipid components can be altered favorably.

Low-density lipoprotein cholesterol (LDL-C) levels are 
strongly associated with atherosclerosis and CHD events. The 
lowering of LDL-C levels with drug and diet therapies is  
consistently related to a reduction in CHD events. The Heart 
Protection Study demonstrated that, among patients with 
known cardiovascular disease, regardless of the initial choles-
terol value, the lowering of LDL-C with simvastatin, an inhibi-
tor of the enzyme HMG-CoA reductase (which, as part of the 
mevalonate pathway, controls the rate of cholesterol synthesis), 
substantially lowers the risk for subsequent CHD events. The 
Heart Protection Study reaffirmed the primary importance of 
reducing LDL-C levels in individuals at high risk for CHD 
events and provided strong evidence that LDL-C reduction 
should remain the focus of preventive efforts.

High-density lipoprotein cholesterol (HDL-C) levels are 
influenced by diet, exercise, alcohol, exogenous estrogens, 
obesity, smoking, diabetes, and certain drugs (e.g., diuretics and 
anabolic steroids). Of these factors, exercise, estrogens, and 
alcohol are known to increase HDL-C. However, it should be 
emphasized that for both estrogens and alcohol, the primary 
evidence suggesting a benefit in reducing cardiac risk is epide-
miologic, and neither is recommended for prevention. Estrogen 
administration in postmenopausal women has been studied 
extensively, and currently estrogen is not recommended as a 
primary or secondary prevention measure for atherosclerotic 
cardiovascular disease. The cardiovascular benefits of alcohol 
have been demonstrated in surveys of individuals only among 
those whose alcohol consumption is in the range of 1 to 3 ounces 
per day. Initiation of alcohol consumption to reduce cardiovas-
cular risk is not recommended because of the potential for 
alcohol abuse.

Although a strong inverse relationship exists between HDL-C 
levels and CHD risk, clinical evidence is not adequate to support 
the primary use of therapies to increase HDL-C to reduce CHD 
events independent of lowering LDL-C or triglyceride levels. 
Moreover, the results of therapy with drugs that raise HDL-C 
levels often are not as consistent as are the results of drug thera-
pies used to lower LDL-C levels. In the absence of compelling 
data from large populations of both sexes, the National Choles-
terol Education Program (NCEP) recommends that treatment 
of HDL-C not be the primary therapeutic strategy, but instead 
that the initial focus be on reducing LDL-C. Increased HDL-C 
remains a secondary goal. Although recent studies were done 
on small numbers of individuals using various strategies to 
increase HDL-C, large randomized clinical trials are needed to 

ascertain whether therapies that raise HDL-C levels are useful 
as a primary strategy for CHD prevention.

Triglycerides are important plasma lipids found in varying 
concentrations in all plasma lipoproteins. The relationship 
between plasma triglycerides and CHD is debated. Moderately 
elevated triglycerides are often found in nephrotic syndrome, 
metabolic syndrome, diabetes, and hypothyroidism. Although 
triglyceride levels seem to be associated with CHD, there is only 
limited evidence that lowering triglyceride levels has a protec-
tive effect in terms of CHD events. Therapies to lower triglyc-
eride levels are well established and include treatment of  
the underlying diseases, such as diabetes, reduction of the 
dietary intake of simple carbohydrates, weight loss, alcohol 
avoidance, and increased exercise. In patients with diabetes, 
control of diabetes with a hemoglobin A1C goal of less than 7% 
should be the first therapeutic strategy. Very high levels of 
triglycerides (>500 mg/dL) are associated with the development 
of pancreatitis and eruptive xanthomas and should be treated 
intensively with therapy targeted to lower triglycerides for these 
indications.

DiAgnosTic ApproAch

Lipids are commonly measured by β quantification: total cho-
lesterol, triglycerides, and HDL-C levels are measured directly; 
LDL-C levels are estimated by the Friedewald equation (LDL-C 
= total cholesterol − HDL-C − [triglycerides/5]). The LDL-C 
measurement is useful for monitoring lipid therapy and for 
assessing a patient’s risk for a CHD event. In general, as with 
the other lipid profile components, measurement of LDL-C on 
a single occasion is not a basis for therapeutic intervention. For 
patients for whom long-term therapy is indicated, two fasting 
measurements of the lipoprotein profile, taken at least 1 week 
apart, should be obtained.

Direct measurement of LDL-C levels, particle size, and par-
ticle density can be accomplished by ultracentrifugation, gradi-
ent gel electrophoresis, and MRI methods. While measurement 
of lipoprotein (a) and other lipid fractions may provide addi-
tional information on the lipid lipoprotein characteristics, 
detailed clinical studies that indicate the usefulness of drugs that 
target these individual lipid components have yet to be reported. 
In many patients, it is useful to measure these components to 
further assess risk and occasionally to guide therapy. However, 
the primary focus is still on lowering LDL-C through drug 
therapy, diet, and exercise.

Lipid management requires the assessment of the patient’s 
short-term (10-year) risk for CHD events. The therapy and 
specific goals are then based on the patient’s absolute risk  
for a CHD event. The NCEP Adult Treatment Panel III  
recommends that patients with established coronary disease, 
diabetes, carotid artery disease, or lower extremity arterial 
disease be considered to be in the highest risk group (10-year 
risk >20%). Increasingly, metabolic syndrome and diabetes are 
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Figure 74-1 Metabolic syndrome. CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol; IGT, impaired glucose 
tolerance; LDL-C, low-density lipoprotein cholesterol; NIDDM, non–insulin-dependent diabetes mellitus;  
VLDL-C, very-low-density lipoprotein cholesterol.
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becoming dominant cardiovascular risk factors, as the incidence 
of obesity in the United States and industrialized countries 
continues to increase (Fig. 74-1; see also Chapter 61). In the 
absence of such disease, patients’ global risk should be deter-
mined by the Framingham risk equation. Global risk is consid-
ered high if the 10-year risk is greater than 20%. The global 
risk of patients in the intermediate-risk (10-year risk of 10%–
20%) and low-risk (10-year risk <10%) groups should be con-
sidered in light of the presence or absence of major CHD risk 
factors. The most important CHD risk factors are age (≥45 
years for men, ≥55 years for women), a history of premature 
CHD in a first-degree relative, current cigarette smoking,  
the presence of hypertension, and HDL-C below 40 mg/dL. 
Patients with two or more major risk factors in addition to high 
LDL-C are considered to be at intermediate risk. Patients with 
one major risk factor in addition to high LDL-C are considered 
to be at low risk. Using the Framingham risk equation, the 
20-year probability of the development of a CHD event can be 
estimated for patients with two or more risk factors. When the 
number of risk factors is 0 to 1, the Framingham scoring is not 
needed (see Chapter 11).

MAnAgeMenT AnD TherApy

Optimum Treatment

Therapy is based on the probability of a CHD event and the 
estimated risk. In patients with CHD or a CHD risk equivalent 
(e.g., cerebrovascular disease, lower extremity arterial disease, 
or diabetes), therapy to lower LDL-C levels should be intensive. 
These patients require drug therapy to achieve the recom-
mended LDL-C goals of less than 100 mg/dL. The Heart Pro-
tection Study strongly suggested that in high-risk patients, even 
if their LDL-C level is below 100 mg/dL, there is benefit from 

further lowering LDL-C by the addition of statin therapy to 
their regimen (Fig. 74-2).

The goal for patients in the intermediate-risk group (a 
10-year 10%–20% risk of a CHD event) is an LDL-C level 
below 130 mg/dL. For patients in the low-risk group (10-year 
risk <10%), the goal is an LDL-C level below 160 mg/dL. The 
majority of patients in this lower risk group will not require 
drugs to achieve their LDL-C goal. Lower LDL-C goals may 
be appropriate for patients with familial hyperlipidemia or for 
patients with a strong positive family history of CHD.

The NCEP Adult Treatment Panel III recommends that the 
primary therapeutic target be LDL-C and not HDL-C, triglyc-
erides, or other lipid fractions. This recommendation is based 
on clinical trial results and epidemiologic evidence showing that 
lowering LDL-C levels substantially reduces the risk of future 
CHD events. Other lipid fractions, particularly HDL-C and 
triglyceride levels, should be secondary therapeutic targets until 
the LDL-C level is within the goal range.

A low HDL-C level is a strong predictor of future CHD 
events. However, because of the lack of large randomized trials 
showing that raising HDL-C levels with drugs is effective and 
safe in reducing CHD events, therapy should be aimed at lower-
ing LDL-C levels. Similarly, elevated triglyceride levels may 
pose an additive risk for patients with high LDL-C levels, mul-
tiple risk factors, diabetes, or established CHD. Reduced tri-
glyceride levels should be a secondary goal, provided these  
levels are below 500 mg/dL. When triglycerides are elevated 
but below this value, hypothyroidism, nephrotic syndrome, 
metabolic syndrome, and obesity should be considered as prob-
able causes of the elevation. If one of these is present, therapy 
should focus on that condition, and lipid-lowering treatment 
should be directed at the LDL-C level. When triglyceride  
levels exceed 500 mg/dL, primary therapy should be directed at 
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Figure 74-2 Algorithm for management of lipid goals. CAD, coronary artery disease; HDL-C, high-density lipoprotein cholesterol; 
LDL-C, low-density lipoprotein cholesterol. Modified from Smith SC, Allen J, Blair SN, et al. AHA/ACC guidelines for 
secondary prevention for patients with coronary and other atherosclerotic vascular disease: 2006 update. Circulation. 
2006;113:2363–2372.
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lowering triglycerides, through the use of a fibrate or nicotinic 
acid, with an important goal being the prevention of 
pancreatitis.

SPECIFIC MANAGEMENT

Appropriate diet therapy and exercise are highly effective in 
helping patients manage their cholesterol levels and CHD risk 
(Fig. 74-3). Clinical trials showing the efficacy of statin drugs 
and other drug therapies are built on effective diet counseling 
and therapy. Patients should receive dietary counseling by a 
trained physician, nurse, or nutritionist. The NCEP Adult 
Treatment Panel III recommends that daily saturated-fat intake 
be limited to less than 7% of calories and daily cholesterol intake 
be limited to less than 200 mg. Plant stanols and sterols are 
recommended in quantities up to 2 g/day. Trans-fatty acids and 
hydrogenated fats should be avoided. Monosaturated fatty acids 
and fish oils are also encouraged through increased intake of fish 
and other foods found in the traditional Mediterranean diet. 
Calorie restriction is recommended for patients who are over-
weight. In addition, a fish oil mixture containing 2 to 5 g of 
alpha omega-3 fatty acids is a promising dietary supplement to 
reduce triglycerides.

Exercise is another important component of the manage-
ment of dyslipidemia (see also Chapter 73). Exercise counseling 
make take the form of a referral to a formal rehabilitation or 
wellness program, a formal physical fitness assessment, an exer-
cise prescription, or an increase in the patient’s daily living 
activities. One helpful home measurement device is a “step 
counter.” A step counter records the number of steps a patient 
takes in a normal day. The patient is then able to increase the 
step counts toward a specific count goal depending on the 
patient’s baseline activity level. Another strategy is to ask what 
type of physical activities the patient enjoys and negotiate with 
the patient to achieve a higher level and a greater frequency of 
these or similar activities. All patients undergoing cholesterol 
treatment with drugs should receive periodic diet, exercise, and 
reinforcement counseling sessions from their primary care phy-
sician or other specialist.

DRuG THERAPy

Drug therapy (Fig. 74-4) is now predominantly based on the use 
of HMG-CoA reductase inhibitors (statins). Statins are effective 
at lowering LDL-C and have an excellent safety profile. They 
inhibit cholesterol synthesis, thereby increasing LDL-C 
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Figure 74-3 Nonpharmacologic therapy for management of lipid goals. HDL-C, high-density lipoprotein cholesterol; 
LDL-C, low-density lipoprotein cholesterol.
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receptors on the liver cell membrane and potentiating LDL-C 
clearance from the blood. On average, statin therapy can reduce 
LDL-C levels by up to 50% in a dose-dependent manner and 
may lower triglycerides by 30% while simultaneously raising 
HDL-C by up to 15%.

The recommended starting dose of each statin varies, based 
on the drug’s ability to lower LDL-C. Statins generally have a 
predictable dose-response relationship with regard to LDL-C. 
For each doubling of the statin dose, there is an approximately 
6% further lowering of the LDL-C level. Statin drugs may be 
combined with cholesterol-binding resins to provide an additive 
effect on the lowering of LDL-C.

Although these drugs are well tolerated, there is a small risk 
of myopathy, particularly at higher doses or when the statins are 
combined with fibrates or niacin. Interactions with antibiotics 
and drugs used to treat HIV or to prevent organ rejection  
may also lead to rhabdomyolysis. Patients who develop muscle 
aches or pains should consult their physician about discontinu-
ing their statin drug and should have their serum creatine kinase 
level measured.

Liver toxicity can also occur with statins and is manifested as 
increased liver enzymes to more than three times the upper limit 
of normal. This may occur at higher doses and can be avoided 
by monitoring the transaminase enzymes and, if necessary, 
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Figure 74-4 Mechanism of action of lipid-lowering drugs. Apo C-III, apolipoprotein C-III; HDL-C, high-density lipoprotein cholesterol; 
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; LDL-C, low-density lipoprotein cholesterol; LPL, lipoprotein lipase; 
PPARα, peroxisome proliferator activator receptor α; VLDL-C, very-low-density lipoprotein cholesterol.
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decreasing the dose of (if elevation of liver enzymes is present 
but less than three times the upper limit of normal) or discon-
tinuing the medication.

Second-line medications include bile acid sequestrants such 
as cholestyramine (4–24 g/day), colestipol (5–20 g/day), and 
colesevelam (1875–3750 mg/day). These drugs prevent bile acid 
reabsorption and potentiate LDL-C uptake by liver LDL-C 
receptors. At maximum doses, they can reduce LDL-C by up 
to 30% in a dose-dependent manner. However, bile acid seques-
trants should be avoided in patients with elevated triglyceride 
levels, because they may further increase triglyceride values. 
These drugs are not systemically absorbed, and their side effects 
are generally limited to their potential to interfere with the 
absorption of vitamins and other drugs and to complaints of 
constipation and bloating. These drugs are usually taken in 
combination with a statin.

Ezetimibe lowers LDL-C by approximately 17%, has an 
additive effect on LDL-C lowering when combined with a 
statin, and is recommended as a second-line medication when 
patients cannot achieve their guideline-recommended LDL-C 
goal with statins alone or due to statin intolerance. The dosage 
is 10 mg/day. Another second-line medication is niacin, which 
acts to reduce tissue lipase activity and very-low-density lipo-
protein cholesterol synthesis. Moderate to high doses (1500–
2500 mg/day) of niacin may lower LDL-C levels by as much as 
25%, decrease triglyceride levels by as much as 50%, and raise 
HDL-C levels by as much as 35%. The side effects of the drug 
include flushing, elevated blood sugar, hyperuricemia, abdomi-
nal pain, and, in rare cases, hepatotoxicity. Niacin is available in 
intermediate-release (1–6 g/day), extended-release (1–2 g/day), 
and long-acting (1–2 g/day) forms. It is highly effective and has 
a demonstrated safety record. Compliance is dependent on the 
form of medication used and the availability of experienced 
counseling. Compliance can be improved through the use of the 
extended-release form, starting the patient at 500 mg/day to be 
taken in the late evening with a snack, an aspirin 30 minutes 
before taking the niacin, and gradually increasing the dose.

Niacin can be also combined with a statin drug to treat 
patients with extremely high levels of cholesterol. This must be 
done with care, and, as with the statins, it is important to 
monitor liver enzymes and watch for symptoms of muscle pains. 
When niacin is combined with a statin, lower doses of the statin, 
as recommended in the package insert, should be used.

Fibrates (gemfibrozil 600 mg twice a day; fenofibrate 48–
145 mg once a day) are particularly effective at lowering triglyc-
erides and, to a lesser extent, LDL-C. Fibrates have an effect 
on lipoprotein lipase activity and can be expected to lower 
LDL-C by as much as 20% (particularly fenofibrate), to raise 
HDL-C by up to 20%, and to lower triglycerides by up to 50%. 
The side effects of fibrates are dyspepsia, the possible develop-
ment of gallstones, and myopathy, particularly when combined 
with statins. Fibrates are contraindicated in patients with renal 
or hepatic diseases.

PLASMAPHERESIS

Patients with familial hypercholesterolemia (in which LDL-C 
values exceed 300 mg/dL) are at high risk for CHD. These 
patients usually cannot reach their target LDL-C levels and may 

require plasmapheresis. Plasmapheresis seems to be effective 
and safe at lowering LDL-C. Regional centers throughout the 
United States offer plasmapheresis on a biweekly basis. Because 
of its expense and required technical expertise, plasmapheresis 
for LDL-C lowering is not routinely available.

Avoiding Treatment Errors

Despite the extensive data supporting the safety and efficacy of 
statins to lower LDL-C, many patients are not at their guide-
line-recommended LDL-C goals. The reasons for patients’ 
failure to achieve these goals are complex but include poor 
patient compliance with medication regimens and physician 
beliefs about the importance of lipid management in preventing 
heart attacks and strokes. Office-based programs that support 
diet and exercise counseling and medication adherence are often 
necessary to help patients achieve their LDL-C goals.

FuTure DirecTions

Additional diagnostic tests to more precisely define patients’  
risk of developing CHD events and to better characterize their 
lipid profile are being developed. These include blood tests to 
assess new risk factors and quantitative measurements to assess 
early atherosclerotic disease. Diagnostic tests include the high-
sensitivity C-reactive protein assay to measure chronic inflam-
mation; assessment of lipid particle size and density; electron 
beam tomography to assess calcium scores in the coronary arter-
ies; carotid Doppler ultrasound to test intima-media thickness 
ratios; and the ankle-brachial index for peripheral vascular 
disease. The combination of new diagnostic tests to better iden-
tify individuals at risk for CHD events and expanded therapies 
to treat dyslipidemia should result in major advances in the 
prevention of the epidemic of CHD.
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Cardiovascular Effects of Air Pollutants

Wayne E. Cascio, Milan J. Hazucha, Susan Lyon Stone, and Robert B. Devlin

R isk factors for atherosclerotic coronary artery disease—
including hypertension, lipid abnormalities, diabetes mel-

litus, obesity, physical inactivity, and tobacco use—provide 
targets for the prevention or progression of heart disease (see 
Chapters 46, 61, 65, 70, 73, and 74). Yet these risk factors 
account for only approximately 50% to 75% of cases of ischemic 
heart disease and cardiac events. For this reason it is logical to 
assume that other factors contribute independently or modify 
the known risk factors to produce vascular disease and trigger 
cardiac events. Air pollution is the best-studied environmental 
factor known to impact hospitalizations and deaths from heart 
disease. Of the various air pollutants, the evidence for a causative  
role in cardiovascular diseases is strongest for particles derived 
from combustion. Indeed, the World Health Organization  
estimates that more than 2 million premature deaths each year 
are attributed to urban outdoor air pollution and indoor air 
pollution from the burning of solid fuels. However, the effects 
of air pollutants on the cardiovascular system are generally not 
appreciated by patients or their health care providers. The 
major air pollutants include particulate matter (PM), ozone 
(O3), nitrogen oxides, carbon monoxide (CO), and sulfur dioxide 
(SO2). This chapter reviews the links between air pollution 
and cardiovascular disease, describes plausible physiologic 
mechanisms accounting for these effects, and provides an  
educational resource for physicians and patients to decrease 
exposure and risk.

History

During the twentieth century, three notable extreme air pollu-
tion episodes focused the attention of the public and govern-
ments on air pollution’s adverse public health impact. These 
events occurred in the Meuse Valley, Belgium; Donora, Penn-
sylvania; and London, England, as a consequence of weather 
conditions that trapped combustion products and other pollut-
ants from coal fires, vehicles, power plants, and industrial emis-
sions. The best known of these events was the Great London 
smog. In London, between 5 December and 9 December 1952, 
a cold air inversion trapped combustion products of the entire 
city of 8.3 million persons and its industry, resulting in an 
extreme air pollution episode claiming more than 10,000 lives. 
During this event, daily mortality increased nearly fourfold, and 
the mortality rate remained significantly higher than usual for 
several weeks after the air pollution event had resolved. Surpris-
ingly, these additional deaths that continued to mount were  
not explained solely by pulmonary disease. Instead a majority  
of deaths were attributed to cardiovascular etiologies. These 
important historical events had a profound impact on local and 
governmental responses to air pollution and contributed signifi-
cantly to the passing of the Clean Air Act in the United States 
in 1963, which has been updated and modified several times 
since. Through the Clean Air Act, the U.S. Environmental 
Protection Agency (EPA) has statutory responsibility to regulate 

ambient air pollutants, including PM, CO, nitrogen dioxide 
(NO2), O3, SO2, and lead. The levels of permissible air pollut-
ants are established by the doses at which a measurable health 
risk is anticipated, allowing for an adequate margin of safety. 
This risk assessment is based on scientific data updated every 5 
years and published as the U.S. National Ambient Air Quality 
Integrative Science Assessment. While urban air pollution con-
tinues to be a significant challenge overall, since the implemen-
tation of the Clean Air Act, the quality of the air in the United 
States has improved continuously. The improvement in air 
quality has translated into decreased overall mortality and car-
diopulmonary mortality associated with exposure to air pollut-
ants. Yet, despite the remarkable progress made in air quality, 
health risks of air pollution remain because intermittent increases 
in air pollution persist, the risk extends to relatively low levels 
encountered by most persons in the United States, and some 
people are more sensitive and vulnerable to the effects of air 
pollution, particularly elderly people with cardiovascular disease.

PArtiCulAtE MAttEr

Airborne PM is not a single compound but a mixture of materi-
als having a carbonaceous core and associated constituents such 
as organic compounds, acids, metals, crustal components, and 
biologic materials, including pollen, spores, and endotoxins. 
Combustion processes, such as those in vehicles and power 
plants, account for most human-generated PM. Importantly, 
particles generated by mechanical processes, windblown dust, 
and wildfires also contribute to the mass of PM. Particles are 
classified as “ultrafine,” “fine” or “coarse” based on their size. 
Ultrafine particles have an equivalent aerodynamic diameter 
smaller than 0.1 µm (about one one-thousandth the diameter of 
a human hair). Fine particles (PM2.5) have a diameter of 2.5 µm 
or less. Coarse particles (PM2.5–10) have a diameter between 2.5 
and 10 µm. Only particles smaller than 10 µm in diameter are 
respirable (Fig. 75-1, upper). Ultrafine and fine fractions are 
more likely to be produced by combustion, whereas the coarse 
fraction is more likely to contain crustal and biologic material. 
Outdoor PM readily penetrates into homes and buildings 
depending on building stock and use of air conditioning and 
heating, and thus increases in outdoor PM can result in increased 
indoor levels of PM. Cooking, smoking, dusting, and vacuum-
ing also contribute to indoor PM, although not much is known 
about cardiovascular effects induced by exposure to indoor 
sources of air pollution in the United States. The national air 
quality standard for the allowable level of PM2.5 averaged over 
24 hours is 35 µg/m3, and the annual average is 15 µg/m3. The 
standard for PM10 averaged over 24 hours is 150 µg/m3.

Generally it is agreed that PM exposure, even at low concen-
trations, influences cardiovascular events and mortality rates, yet 
some skepticism exists. In part, uncertainty over the cardiovas-
cular effects of some pollutants is due to the reliance on epide-
miologic data showing positive but weak associations between 
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fluctuating levels of air pollution and cardiovascular health, dif-
ficulty assessing exposure accurately, and significant confound-
ing from many factors including but not limited to other 
pollutants, meteorologic factors, and medications. Also, the 
strong intercorrelation among outdoor air pollutants to increase 
cardiovascular risk makes it difficult to attribute observed car-
diovascular effects to specific air pollution components. Never-
theless, time-series and cross-sectional epidemiologic studies 
show a positive association between exposure to airborne PM 
and cardiovascular morbidity and mortality rates. The associa-
tion seems to be strongest with fine particles and in the eastern 
United States. Deeper penetration of fine particles into the lung 
before deposition may contribute to the apparent biologic activ-
ity of these particles. These findings implicate the aerodynamic 
diameter, regional sources, and composition of PM as factors 
that affect health.

The causal link between inhaled particles depositing on 
respiratory surfaces and cardiovascular health effects remains 
poorly understood. PM air pollution is associated with acute 
coronary syndrome (unstable angina and myocardial infarction), 
deep venous thrombosis, rhythm disturbances, stroke, and wors-
ening of heart failure. Biochemical and physiologic responses  
of exposure to ambient air PM include changes in blood pro-
teins, including acute-phase reactants, coagulation proteins, and 
proinflammatory cytokines; endothelial function; and neural 
modulation of the heart. Such changes would be expected to 
increase the risk of cardiovascular events secondary to throm-
bosis and arrhythmia (Fig. 75-1).

Possible cardiovascular effects associated with PM exposure 
can be categorized as short-term (hours or days) or long-term 
(years). Exposure to PM can increase heart rate and blood pres-
sure, and can decrease oxygen saturation within hours. PM also 
affects pulmonary oxygen transport and neural modulation of 
the sinus node and the vascular system, although the magnitude 
of these changes is small. An increase in heart rate might be 
caused by an increase in sympathetic input to the heart or a 
decrease in parasympathetic input. Exposure to PM decreases 
cardiac vagal input, as suggested by a decrease in heart rate 
variability (HRV). Yet the association between changes in HRV 
and ambient PM concentrations is inconsistent. Whether the 
differences relate to the chemical composition of PM, other 
associated pollutants, age, gender, genetic background, concur-
rent cardiac disease, medications, or the HRV methodology is 
not known. Nor is it known whether change in HRV associated 
with PM exposure represents an independent measure of risk.

Many epidemiologic studies investigating the associations 
between air particle pollution and cardiovascular mortality and 
morbidity in single cities and multiple cities throughout the 
world show concordance that ambient air particle pollution is 
associated with increased cardiovascular mortality and hospital-
izations. Two of the most notable studies are the National 
Morbidity, Mortality and Air Pollution Study and the Air Pol-
lution and Health: A European Approach Project. These studies 
addressed the effect of air pollution in many U.S. and European 
cities, showing that air particle pollution was associated with an 
increased relative risk of cardiovascular mortality—ranging 
from 0.4% to 1.5% for each 20 µg/m3 increase in PM10. Like-
wise, other epidemiologic studies have linked exposure to PM, 
particularly traffic-related particles, to the onset of myocardial 

infarction or hospitalization for acute coronary syndrome, 
stroke, rhythm disturbances, and heart failure, associations that 
are stronger among individuals with prevalent heart disease.

Long-term effects of air pollution were established in three 
important cohort studies: the Harvard Six-Cities Study, the 
American Cancer Society Study, and the Women’s Health  
Initiative Observational Study. In contrast to previous studies, 
these investigated the long-term health effect of fine PM for 
several years in multiple cities characterized by a large gradient 
in the concentration and types of air pollution. These studies 
showed a positive association between PM2.5 and sulfate, and 
cardiopulmonary mortality and cardiovascular events. Subjects 
residing in the most heavily polluted of the Harvard six cities 
lived on average 2 years less than those residing in the least 
polluted city, after potential confounding and effect-modifying 
factors were taken into consideration.

There are at least three possible mechanisms by which PM 
induces changes in cardiac physiology: a neural reflex from 
afferents in the lung that interact with PM directly or indirectly 
through associated pulmonary inflammation; secondary effects 
of inflammatory cytokines and acute-phase reactants produced 
systemically and in the lung; and direct effects of particles or 
adsorbed soluble constituents of PM on cardiac membrane cur-
rents responsible for impulse formation and repolarization. The 
observations that inhalation of fine-particulate air pollution and 
O3 causes arterial vasoconstriction and that sympathetic activa-
tion reduces endothelium-dependent flow-mediated vasodila-
tion provide a mechanistic link between the changes in HRV 
and the changes in vascular reactivity, a known risk for cardiac 
events. Because sudden shifts in neural input to the heart may 
be arrhythmogenic, changes in HRV imply changes in neural 
input to the heart as a mechanism of arrhythmia.

The effects of long-term exposure to fine-particulate air pol-
lution have been inferred from linking of cardiovascular risk 
factors and estimates of air pollution exposure to the cause of 
death in epidemiologic studies. These observational studies 
showed that fine-particulate air pollution increased the rate  
of mortality from cardiopulmonary causes. The risk of cardio-
pulmonary mortality was most strongly associated with fine 
particles when compared with larger particles. Although the 
mechanisms are unknown, possible explanations of the risk 
include acceleration of atherosclerosis progression secondary to 
increased oxidative stress or systemic inflammation, and modu-
lation of factors that enhance coronary plaque instability or 
electrical instability. Data are emerging showing that PM accel-
erates atherosclerosis in humans and in animal models of chronic 
PM exposure, although the effect is probably indirectly medi-
ated through increased inflammation and oxidant stress. For 
instance, high-sensitivity C-reactive protein (CRP) correlates 
with cardiac events. The liver produces CRP in response to the 
cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor-α. 
Measurement of cytokines, and even high-sensitivity CRP, may 
provide a mechanism to assess cardiovascular risk in response to 
PM exposure. Because of the complexity of the mechanisms that 
regulate initiation and progression of atherosclerosis, and the 
complex constituents of PM, proof of a causal effect of PM on 
the development of atherosclerosis will be a challenge, but this 
is the aim of a continuing longitudinal substudy of the Multi-
Ethnic Atherosclerosis Study known as the MESA Air Study.
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Figure 75-1 Cardiovascular effects of air pollutants. AV, atrioventricular; CO, carbon monoxide; NO2, nitrogen dioxide; O3, ozone; 
SA, sinoatrial; SO2, sulfur dioxide.
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It is possible that PM has a direct effect on cardiac autonomic 
function, on cardiac repolarization, or on both, and that PM 
increases the individual’s susceptibility to myocardial ischemia 
and to ventricular fibrillation during regional myocardial isch-
emia. Chronic exposure to airborne PM might initiate cellular 
signaling that affects the expression of cellular proteins impor-
tant to electrical impulse formation and conduction in the heart. 
Potential protein targets include structural proteins, as well as 

voltage- and ligand-gated channels and ion exchangers. Thus, 
cardiac deaths associated with exposure to PM are likely to 
result from interaction of the direct effects of PM on vascular 
function, cardiac electrophysiology, autonomic regulation, and/
or coronary thrombosis in individuals at high risk for sudden 
cardiac death.

Exposure to secondhand tobacco smoke is a reasonable 
model for understanding how exposure to PM mediates changes 
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in the cardiovascular system and contributes to cardiac events. 
Acute exposure activates platelets and decreases endothelial 
function in humans, whereas long-term exposure accelerates the 
formation of atherosclerosis.

sulFur DioxiDE

SO2 is a gas produced by coal-burning power plants, smelters, 
refineries, pulp mills, and food-processing plants. Typical 
ambient air reactions include formation of sulfuric acid (acid 
rain) and sulfates. A positive correlation exists between SO2 
levels and hospital admissions, the mortality rate in aged adults, 
and the presence of cardiovascular disease. It is often difficult 
to separate the contributions of individual components of air 
pollution and attribute them to health effects. For example, in 
one study the total mortality rate was estimated to increase by 
5% for each 0.038 parts per million (ppm) increase in SO2; 
yet the effects were no longer significant when respirable par-
ticles were included in the statistical model. Thus, SO2 is likely 
to be a surrogate marker of PM because of the common sources 
of SO2 and PM. The national air quality standards for SO2 
are 0.14 ppm averaged over 24 hours, and 0.03 ppm averaged 
over 1 year.

NitrogEN DioxiDE

NO2 and nitric oxide (NO) are reactive gases produced by 
gasoline and diesel fuel combustion, electric power generation, 
chemical manufacturing, soil emission including fertilizers, and 
solid waste disposal. NO2 is also a major indoor air pollutant 
produced by gas stoves and gas heaters. Both gases are critical 
components of the photo-oxidation cycle and O3 formation. NO 
is also produced endogenously at levels that can exceed 1 ppm. 
It is a mediator and a strong vaso- and bronchodilator. The 
ultimate fate of NO2 and NO in ambient air and biologic fluids 
is the formation of nitrite and nitrate.

NO2 is primarily associated with chronic respiratory 
effects. Children and adults with existing respiratory disease  
are at increased respiratory risk from NO2 inhalation. Healthy 
individuals have shown slightly reduced cardiac output when 
inhaling NO2 during exercise. Increased levels of NO2 and 
black carbon are positively associated with arrhythmias. A  
positive significant association also exists between NO2 and an 
increased risk of myocardial infarction. Numerous epidemio-
logic studies have linked elevated levels of NO2 to coronary 
heart disease. Prolonged exposure of coronary heart disease 
patients to NO2 has been shown to correlate with reduced 
HRV. Daily exposure to NO2, particularly of the elderly, 
was significantly associated with daily emergency department 
visits for ischemic heart disease. The U.S. national air quality 
standard for NO2 is 0.053 ppm (100 µg/m3) averaged over 
1 year.

CArboN MoNoxiDE

CO is produced by combustion. When inhaled, CO binds avidly 
to hemoglobin, thereby reducing the capacity of blood to deliver 
oxygen to the tissues. Within tissue, CO may bind to cyto-
chrome P-450, cytochrome oxidase, and myoglobin, affecting 

intracellular function. Individuals most susceptible to these 
effects have flow-limiting coronary disease.

A study of the chronic health effects of CO exposure in  
a comparison of bridge and tunnel workers showed that the 
relative risk of coronary artery disease was greater in tunnel 
workers. Prolonged exposure to CO and attendant carboxyhe-
moglobin (COHb) concentration in excess of 10% increased 
heart rate, systolic blood pressure, red blood cell mass, and 
blood volume. CO has been implicated in atherogenesis and in 
increased risk of myocardial infarction. In general, controlled 
exposure to CO reduces the time to onset of electrocardio-
graphic evidence of exercise-induced ischemia and angina in 
individuals with ischemic heart disease and increases the fre-
quency of ventricular arrhythmias during exercise. These effects 
occur at COHb levels as low as 2.9%. The baseline COHb in 
healthy nonsmokers is 0.5% to 1.0%. Prolonged exposure to 
9 ppm CO would produce a blood COHb level of approxi-
mately 2%. Thus, the U.S. national air quality standards for CO 
(35 ppm averaged over 1 hour, and 9 ppm averaged over 8 
hours) should provide protection even for a sensitive population 
with ischemic heart disease.

ozoNE

O3 is a secondary air pollutant formed in the atmosphere by 
photochemical reactions involving primary pollutants, volatile 
organic compounds, and nitrogen oxides. The U.S. national 
ambient air quality standard for ground-level O3 is 0.075 ppm 
averaged over 8 hours and 0.12 ppm averaged over 1 hour. 
Exposure to O3 irritates mucous membranes, decreases lung 
function, increases the reactivity of airways, and causes airway 
inflammation. Consequently, O3 exposure can cause symptoms 
of chest pain and decreased exercise capacity. Initial epidemiol-
ogy studies showing associations between PM and mortality 
were not able to reproducibly show similar relationships between 
O3 and mortality, primarily because there is a close correlation 
of these two pollutants in many cities. However, several epide-
miology studies have shown associations between exposure to 
O3 and increased mortality and morbidity. In one study an 
increase in O3 of 21.3 parts per billion increased the cardiovas-
cular disease mortality rate by 2.5% and the respiratory disease 
mortality rate by 6.6%; the effect of O3 was independent of 
that of other pollutants. Whether O3 and PM affect the 
cardiovascular system by similar or different mechanisms 
remains unknown.

WHAt PAtiENts CAN Do  
to AvoiD risk

Patients with heart disease should be made aware of the increased 
risk associated with exposure to air pollution and educated about 
strategies to decrease exposure. Patients can reduce their expo-
sure and risk by decreasing their time outdoors when air pollut-
ants are present at concentrations believed to impart a health 
risk and/or decreasing the intensity of outdoor physical activity. 
For example, if a patient usually jogs, exercising indoors in an 
air-conditioned environment can be recommended. If an alter-
native and acceptable indoor location is not available, one should 
walk instead of jog. Outdoor PM contributes to indoor PM. 



CHAPTER 75 • Cardiovascular Effects of Air Pollutants 631

When conditions are severe, for example with wood smoke 
secondary to a wildfire, activities should be restricted indoors as 
well and consideration given to using high-efficiency particulate 
air filter air cleaners to reduce indoor PM levels. PM and NO2 
are typically elevated in the morning and afternoon when auto-
motive and truck traffic increases during rush hour commutes. 
O3 concentration increases in the heat of the day and therefore 
is highest in the midday and in the summer months. In general, 
patients can reduce exposure by the following: limiting exercise 
outdoors in the afternoons when air pollutant concentrations 
are high; exercising indoors or away from roadways; closing 
doors and windows and using air conditioning; seeking air 
quality reports and forecasts; and utilizing the Air Quality Index 
(AQI) to guide outdoor activities. The AQI provides a national 
standard for reporting daily air quality and providing anticipated 
health effects for the quality reported. The AQI can be reviewed 
daily in the local media or on the EPA website.

In some areas of the United States, state and local environ-
mental agencies in cooperation with the EPA provide a service, 
EnviroFlash, that provides air-quality alerts by email. Patients 
can customize reports so that they are notified of only those 
conditions that would pose a health risk for their specific  
clinical condition.

FuturE DirECtioNs

More information is needed to establish the cardiovascular 
health effects of specific pollutants. The dose dependence of 
these effects is key for determining air quality standards. Envi-
ronmental concentrations of air pollutants vary widely, as do 
their sources and toxicities. Source apportionment is important 
for identifying origins of the various PM constituents so that 
health effects might be linked to specific PM constituents  
and sources.

Many questions about the cardiovascular effects of air pol-
lutants remain. Does the interaction of air pollutants lead to 
additive, synergistic, or decreased health effects? Do the signal-
ing pathways responsible for short- and long-term health effects 
differ? Why do older individuals and individuals with prevalent 
cardiovascular and pulmonary disease, diabetes, and hyperten-
sion have a greater susceptibility to the effects of air pollution? 
What is the role of PM-induced systemic inflammation in the 
development and progression of atherosclerotic vascular disease? 
To what extent does gene-environment interaction determine 
the health effects of air pollution exposure? Further investiga-
tion is needed to answer these questions.
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Bacterial infections, myocarditis due to, 181, 

182f–183f
Balloon valvotomy for aortic stenosis, 294
“Bamboo spine,” 530f
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for myocardial infarction prevention, 121
for neurally mediated syncope, 268
for non–ST-elevation myocardial infarction, 

111
for premature ventricular complexes, 248–249
for restrictive cardiomyopathy, 171–172
for ST-elevation myocardial infarction, 

117–118
for sudden cardiac death prevention, 258–259
for ventricular tachycardia

in hypertrophic cardiomyopathy, 247
nonsustained, 248
right ventricular outflow tract, 247–248

Blood pressure. See also Hypertension; 
Hypotension.

exercise and, 614
in children, 473–474

home monitoring of, 402b

Atrial fibrillation (Continued)
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management of, for coronary heart disease, 
101–102

measurement of, 402b
systolic, in lower extremity peripheral vascular 

disease, 389
Blood tests

in restrictive cardiomyopathy, 166–167
in syncope, 265

“Blue toe syndrome,” 425
Bosentan for pulmonary hypertension, 544t
Brachiocephalic stenosis, endovascular therapy 

for, 414–415
Bradyarrhythmias, 215–222

diagnostic approach for, 220
etiology and pathogenesis of, 215–220, 216b, 

217f
atrioventricular block and, 216–219, 218f
chronic multifascicular blocks and, 219–220, 

219b, 220t
sinus node dysfunction and, 215

future directions for, 222
management and therapy for, 220

avoiding treatment errors and, 220
optimum treatment and, 220, 220t–222t

Bradycardia, sinus, inappropriate, 215
Brain natriuretic peptide, 23

Addison’s disease and, 521
in heart failure, 189

Breast cancer, metastatic to heart, 538–539
Breastfeeding, cardiovascular drugs and, 497
Broken heart syndrome. See Stress-induced 

cardiomyopathy.
Brucella endocarditis, 325
Brugada syndrome, sudden cardiac death in, 

254f, 255–256
“BT shunt,” 457
Buerger’s disease, peripheral vascular disease 

and, 389
Bumetanide for heart failure, 192
Bundle branch block in systemic lupus 

erythematosus, 529

C
CABG. See Coronary artery bypass grafting.
Caffeine, 556
Calcium, serum, QT interval and, 36, 36f
Calcium channel blockers. See also specific 

drugs.
for atrial fibrillation, 235–236
for hypertension, 401–402, 403t

in pregnancy, 494
for restrictive cardiomyopathy, 171–172

Calcium gluconate for hypokalemic periodic 
paralysis, 511

Cancer
cardiac

primary, 538, 538t
secondary, 538–539, 539f

pericardial effusion due to, 367, 369
Candesartan for heart failure, 192t, 194
Candida endocarditis, 328
Captopril for heart failure, 192t
Captopril renal scan in renal artery stenosis, 

393, 394f
Carbomedics bileaflet valve, 353, 355f
Carbon monoxide, cardiovascular effects of, 630
Carcinoid heart disease

restrictive cardiomyopathy due to, 164
treatment of, 172
tricuspid stenosis due to, 319

Cardiac arrest. See Sudden cardiac death.
Cardiac auscultation, 10–11, 12f
Cardiac blood pool multigated acquisition in 

dilated cardiomyopathy, 150

Cardiac catheterization, 28–29, 29f
in aortic regurgitation, 302, 303f
in constrictive pericarditis, 367, 380–381
left heart, 81–83, 82f–84f

future directions for, 83
in pericardial tamponade, 381
in pulmonary hypertension, 543t
in restrictive cardiomyopathy, 167t, 170
right heart, 79–81

complications of, 80
contraindications to, 80
data obtained from, 80–81, 81t
future directions for, 83
indications for, 79, 80b

in stress-induced cardiomyopathy, 209, 209f
Cardiac chamber evaluation, cardiac computed 

tomography for, 63–64
Cardiac computed tomography, 61–65

clinical examples of, 64, 64f
clinical indications for, 62–64

cardiac chamber and valvular evaluation as, 
63–64

congenital heart disease as, 64
coronary artery calcium score as, 62–63, 

62f, 63b, 64f
evaluation of aortic and pulmonary disease 

as, 64
evaluation of intracardiac and extracardiac 

structures as, 64
data acquisition techniques for, 62
future directions for, 65
limitations of, 65
technology of, 61–62

Cardiac CTA, 59
Cardiac index, calculation of, 80
Cardiac magnetic resonance imaging, 59,  

65–69
clinical indications for, 65–68

aortic disease as, 66
cardiac masses as, 68, 68f
cardiomyopathy as, 67, 67f
congenital heart disease as, 68
coronary artery bypass grafting imaging as, 

68
ischemic heart disease as, 66–67, 66f
pericardial disease as, 67
pulmonary vascular disease as, 68
valvular heart disease as, 67–68
ventricular function evaluation as, 65–66, 

66f
complications of, 69
in congenital heart disease, 439
data acquisition sequences and techniques for, 

65
in dilated cardiomyopathy, 150–151
future directions for, 69
risks with, 69
safety of, 69
in stress-induced cardiomyopathy, 210
technology of, 65

Cardiac masses. See also Cardiac tumors; specific 
masses.

cardiac computed tomography to evaluate, 64
as cardiac magnetic resonance imaging 

indication, 68, 68f
Cardiac MRI. See Cardiac magnetic resonance 

imaging.
Cardiac neurotransmission imaging, 59–60
Cardiac outflow obstruction, syncope due to, 

261, 262t
Cardiac output

during postpartum period, 489
during pregnancy, 489

Cardiac remodeling, cardiomyopathy and, 145, 
146f

Cardiac resynchronization therapy for dilated 
cardiomyopathy, 152

Cardiac stress imaging, 53–56. See also specific 
techniques.

image interpretation and, 56t, 57f
imaging protocols for, 55–56
radiotracers for, 53–54
SPECT-CT, PET-CT, and hybrid imaging 

and, 56
Cardiac surgery. See also specific surgeries.

for congenital heart disease. See Congenital 
heart disease, surgical treatment of.

for infective endocarditis, 329
palliative, for congenital heart disease, 

457–458, 458f–459f
pediatric, development of, 457
for valvular heart disease. See Valvular heart 

disease, surgical treatment of.
Cardiac tamponade. See Pericardial tamponade.
Cardiac transplantation, 197–205

for dilated cardiomyopathy, 152
donor procedure for, 198, 199f
donor-recipient matching for, 197–198
donors for, 197
for hereditary cardiomyopathy, 179–180
for hypertrophic cardiomyopathy, 159
indications for, 197
postoperative management for, 200–201
recipient procedure for, 198–200

biatrial, 198, 199f
bicaval, 199–200, 200f

for restrictive cardiomyopathy, 172
results of, 201

Cardiac tumors, 535–540
benign, primary, 535–537, 536t
clinical presentation of, 535
diagnostic approach for, 535
differential diagnosis of, 535
future directions for, 539
in HIV/AIDS, 557
malignant

primary, 538, 538t
secondary, 538–539, 539f

management and therapy for, 539
Cardioembolic stroke, interventional approaches 

for, 413–414, 415f
Cardiogenic shock, 135–141

clinical presentation of, 138
diagnostic approach for, 138
differential diagnosis of, 135
etiology of, 135
future directions for, 139
management and therapy for, 138–139

avoiding treatment errors and, 139
optimum treatment and, 138–139, 

138f–140f
pathogenesis of, 135–138

free wall rupture and, 136–138
mitral regurgitation and, 136, 137f
predominant left ventricular failure and, 

135, 136f
right ventricular failure and, 135–136, 137f
ventricular septal rupture and, 136

right heart catheterization in, 81t
Cardiomyopathy

alcoholic, 512, 554–555
anthracycline-induced, 571
arrhythmogenic right ventricular dysplasia and

sudden cardiac death in, 253–254, 254f
ventricular tachycardia in, management and 

therapy for, 247
as cardiac magnetic resonance imaging 

indication, 67, 67f
constrictive. See Restrictive cardiomyopathy.
in diabetes mellitus, 524

Blood pressure (Continued)
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dilated. See Dilated cardiomyopathy.
familial, heart failure due to, 187
hereditary, 175–180

clinical presentation of, 176–179
diagnostic approach for, 179
differential diagnosis of, 179
etiology and pathogenesis of, 175–176
future directions for, 180
management and therapy for, 179–180

hydroxychloroquine-induced, 571
hypertrophic. See Hypertrophic 

cardiomyopathy.
idiopathic, heart failure due to, 187
peripartum, 181, 495
restrictive. See Restrictive cardiomyopathy.
stress-induced. See Stress-induced 

cardiomyopathy.
Takotsubo, 207. See also Stress-induced 

cardiomyopathy.
trastuzumab-induced, 571

CardioSeal Double-Umbrella Occluder, 454
Cardiovascular diseases. See also Congestive 

heart failure; Coronary artery disease; 
Hypertension; Stroke.

incidence of, 15
Cardiovascular examination, components of, 

8–10, 10f
Cardiovascular medications. See specific drugs and 

drug types.
Cardiovascular risk assessment, 589–590

Framingham risk scores and, 590
global estimates of coronary heart disease risk 

and, 589
methods of, 589–590
relative versus absolute risk and, 589

Cardiovascular risk factors, 4, 5b, 589
for atherosclerosis, 85, 86f

in HIV/AIDS, 559–560
categories of, 589, 590b
in coronary artery disease, 18f
modification of, for atherosclerosis, 21
screening and management in medical 

practice, 592–593
for sudden cardiac death, 251

Cardioversion for ventricular tachycardia,  
244

Carillon Mitral Contour System, 345
Carney’s complex, 536
Carnitine deficiency, heart and, 511
Carotid artery disease, 391–393. See also specific 

conditions.
clinical presentation of, 391–392
diagnostic approach for, 392–393

Carotid artery stenosis, 427
clinical presentation of, 427
interventional approaches for, 413, 414f
surgical treatment of, 427

Carotid endarterectomy, 427
for atherosclerosis of extracranial carotid 

artery, 504, 504f
Carotid intima-media thickness

in atherosclerosis, 591f
in preventive cardiology, 593–594

Carotid pulses in cardiac examination, 10f
Carvedilol for heart failure, 192t
Carvedilol-CR for heart failure, 192t
Catecholamine reuptake inhibitors, hypertensive 

crisis due to, 522
Catheter ablation, 279–285

of atrial fibrillation, 239, 282–284
electrical isolation of pulmonary veins and, 

284
refractory, for rate control, 284
success and complications of, 284

of atrioventricular bypass tracts, 280–281, 281f
of atrioventricular nodal reentrant tachycardia, 

279–280, 280f
avoiding treatment errors and, 285
energy sources for, 279, 280t
of focal atrial tachycardia, 280t, 282
future directions for, 285
of macroreentrant atrial tachycardia, 282, 283f

for atypical atrial flutter, 280t, 282
for typical atrial flutter, 282

of ventricular tachycardia, 284–285
macroreentrant, 285

CCR5 antagonists, cardiovascular disease and, 
560

CCT. See Cardiac computed tomography.
Cefazolin for infective endocarditis, 330t
Ceftriaxone for infective endocarditis, 330t
Central sleep apnea, 567
Cerebral arterial occlusive disease, interventional 

approaches for, 413
Cerebrovascular accident pattern, 36
Cerebrovascular disorders, syncope due to, 262, 

262t
CHADS2, 236, 237f
Chagas’ disease, myocarditis due to, 181

treatment of, 185
CHD (coronary heart disease). See Ischemic 

heart disease.
Chemotherapy, cardiotoxicity from, 557
Chest examination, 8–9
Chest pain/discomfort. See also Angina.

cardiac computed tomography to evaluate, 64, 
64f

coronary angiography to evaluate, 73–75, 76f
in coronary artery disease, 97, 99f
differential diagnosis of, 3–6, 4b–6b, 5f,  

97–98
imaging for assessment of, 58–59
during pregnancy, differential diagnosis of, 

491
with ST-elevation myocardial infarction, 115
in stress-induced cardiomyopathy, 207

Chest radiography, 41–43
in aortic regurgitation, 300–301
in aortic stenosis, 292
clinical applications of, 42–43
in congenital heart disease, 438–439, 438f
in constrictive pericarditis, 366, 366f, 379
future directions for, 43
limitations of, 43
normal anatomy on, 32f, 41–42, 43f
in pericardial effusion, 369
in pericardial tamponade, 379
in pulmonary hypertension, 543t
in pulmonary thromboembolism, 547
in restrictive cardiomyopathy, 167, 167t
safety considerations for, 41
technical aspects of, 41–42
in tricuspid stenosis, 320–321

Chest radiography in ST-elevation myocardial 
infarction, 117

Cheyne-Stokes respiration, 567, 567f
Children. See Congenital heart disease; Pediatric 

patients.
Cholestyramine for dyslipidemias, 624
Churg-Strauss syndrome, endomyocardial 

fibrosis in, 163
Chvostek’s sign in hypokalemia alkalosis, 522f
Cigarette paper scars in Ehler-Danlos syndrome, 

9f
CK. See Creatine kinase.
CK-MB. See Creatine kinase MB isoenzyme.
Claudication, lower extremity, 425

endovascular therapy for, 416, 417f

Clopidogrel
for coronary heart disease, 102–103
for ST-elevation myocardial infarction, 

119–120
CMRI. See Cardiac magnetic resonance imaging.
Coapsys device, 349, 349f
Coarctation of the aorta

balloon angioplasty for, 449–451, 450f
chest radiography in, 43
echocardiography in, 443, 444f
exercise testing in, 475
hypertension and, 407f

Cocaine use, 554f, 555
myocarditis due to, 181

Colchicine for acute pericarditis, 362
Colesevelam for dyslipidemias, 624
Colestipol for dyslipidemias, 624
Commissurotomy, surgical, percutaneous 

balloon mitral valvuloplasty compared 
with, 344–345

Commotio cordis, sudden cardiac death due to, 
256, 577–578, 580f

Complete heart block, 218–219, 219f
electrocardiography in, 38f
exercise testing in, 476
postoperative, 470, 470f, 471t

Computed tomography, 28, 28f
in constrictive pericarditis, 365–367, 380
electron-beam, 61

in atherosclerosis, 591f
in preventive cardiology, 593
screening for coronary artery disease using, 

89
multidetector, 61–62
in pericardial effusion, 369
in pericardial tamponade, 380
PET-CT and, 56
in restrictive cardiomyopathy, 167t, 170
SPECT-CT and, 56

Computed tomography angiography, 61–62
in abdominal aortic aneurysms, 395, 

395f–396f
cardiac, 59
in carotid artery disease, 392–393
in lower extremity peripheral vascular disease, 

390–391
in renal artery stenosis, 393
screening asymptomatic patients with, 65

Conduction, age-related changes in, 499–500
Conduction abnormalities

intraventricular, electrocardiographic criteria 
for, 33

rate-dependent aberrant ventricular 
conduction as, electrocardiographic 
criteria for, 33

in systemic lupus erythematosus, 529
Congenital heart disease, 433–439. See also 

specific conditions.
acyanotic, arrhythmias in, 467–470
arrhythmias in, 465–472, 466f

in acyanotic congenital heart disease, 
467–470

in cyanotic congenital heart disease, 
465–467

future directions for, 471–472, 471t
postoperative complete heart block and, 

470, 470f
cardiac computed tomography in, 64
as cardiac magnetic resonance imaging 

indication, 68
catheter-based treatment of, 447–455

balloon angioplasty and stent placement as, 
447–451, 450f

balloon atrial septostomy as, 447, 448f
balloon valvuloplasty as, 447, 448f

Cardiomyopathy (Continued) Catheter ablation (Continued)
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future directions for, 454
transcatheter closure of congenital shunts 

as, 451–454, 451f–454f
clinical indications for medical or surgical 

intervention in, 433–435, 435f–437f
coronary artery anomalies associated with, 

481–486, 483f
future directions for, 485–486

cyanotic, arrhythmias in, 465–467
echocardiography in, 441–446

in atrial septal defect, 442, 442f
in atrioventricular septal defect, 442–443, 

443f
in coarctation of the aorta, 443, 444f
future directions for, 445–446
in pulmonary atresia, 444, 445f
in single ventricle, 445, 446f
in tetralogy of Fallot, 444, 444b, 445f
in total anomalous pulmonary venous 

return, 444
in transposition of the great arteries, 

443–444
transthoracic, 441–442
in ventricular septal defect, 442, 443f

exercise testing in, 473–476, 474f
characteristic pathologic responses in, 

475–476
future directions for, 476
normal responses of children to exercise 

and, 473–475
initial noninvasive assessment in, 435–439

chest radiography in, 438–439, 438f
future directions for, 439
history taking in, 435–436
physical examination in, 437–438, 437f

pregnancy in, 491–492, 492t
risk stratification in, 433
surgical treatment of, 457–464

for atrial septal defects, 459–460, 461f
for atrioventricular septal defects, 460
avoiding treatment errors and,  

463–464
future directions for, 464
palliative procedures for, 457–458, 

458f–459f
for patent ductus arteriosus, 459
for single-ventricle lesions, 458–459
for tetralogy of Fallot, 460–462, 462f
for total anomalous pulmonary venous 

return, 462
for transposition of the great arteries, 462, 

463f
for truncus arteriosus, 462–463, 463f
for ventricular septal defects, 459, 460f

transthoracic echocardiography in, 45
Congestive heart failure

exercise and, 614–616, 615f
in older adults, 502

Conjunctivitis in Kawasaki’s disease, 477
Connective tissue disorders, 527–534. See also 

specific disorders.
diagnostic approach for, 533
differential diagnosis of, 533
drug-induced, 533
etiologies of, 527
future directions for, 534
heart in, 527–534

secondary causes of cardiovascular disease 
and, 531–532

management and therapy for, 533–534
avoiding treatment errors and, 534
optimum treatment and, 533–534

Constrictive cardiomyopathy. See Restrictive 
cardiomyopathy.

Constrictive pericarditis, 363–367
clinical presentation of, 364

pericardial tamponade compared with,  
379t

diagnostic approach for, 366–367, 366f, 
379–381

differential diagnosis of, 364–366
etiology and pathogenesis of, 363–364, 365t, 

366f
hemodynamics in, 372–375

echo-Doppler measurements and, 374–375, 
377f

pericardial tamponade compared with, 
375–376, 378t

pressure measurements and, 372–374, 374f, 
375t, 376f

intracardiac pressure in, 373f
management and therapy for, 367
physiology of, 165–166, 166f
right heart catheterization in, 81t

Contrast agents for magnetic resonance imaging, 
27–28, 28f

Contrast echocardiography, 26f
CoreValve, 340, 340f
Coronary aneurysms in Kawasaki’s disease,  

478f
Coronary angiography

diagnostic, 71–77
for chest pain evaluation, 73–75, 76f
complications of, 77, 77t
contraindications to, 75–76
coronary anatomy and anomalies and, 71, 

72f
future directions for, 77
indications for, 73–75, 76t
limitations of, 76–77
technique for, 71–73, 73b, 73f–75f

in ischemic heart disease, 130
for Kawasaki’s disease, 479, 480f
screening for coronary artery disease using,  

89
Coronary arteries

anatomy of, 71, 72f
anomalies of, 71, 72f. See also specific anomalies.

associated with congenital heart disease, 
481–486, 483f

in athletes, sudden cardiac death due to, 
577

sudden cardiac death associated with, 
254–255, 255f

arteriographic views of, 137f
in atherosclerosis, 137f

in Kawasaki’s disease, 478f
Coronary arteriography, 137f

in atherosclerosis, 20, 20f
Coronary artery bypass grafting, 129–133, 130b, 

131f
for atherosclerosis, 20–21
avoiding treatment errors with, 132
for dilated cardiomyopathy, 152
future directions for, 132–133, 133f
for heart failure, 190–191
imaging for, cardiac magnetic resonance 

imaging for, 68
indications for, 104, 130–132, 130b
for non–ST-elevation myocardial infarction, 

113
off-pump, 130–132, 131f
optimum treatment and, 131–132
percutaneous coronary intervention compared 

with, 126
for coronary artery disease, 104

remote-access, 132–133, 133f
stenting compared with, for coronary artery 

disease, 104

Coronary artery calcium score as indication for 
cardiac computed tomography, 62–63, 
62f, 63b, 64f

Coronary artery disease, 97–105
acute coronary syndromes and. See Acute 

coronary syndromes.
atherosclerotic. See Atherosclerosis.
chest radiography in, 42
clinical presentation of, 97, 99f
in connective tissue diseases, 532
coronary angiography to evaluate, 73
detection of, exercise stress testing for, 51
diagnostic approach for, 98–100, 99b, 

100f–102f
differential diagnosis of, 97–98
etiology and pathogenesis of, 97, 98f
future directions for, 105
homocysteine and, 529
management and therapy for, 100–105

angiotensin-converting enzyme inhibitors 
for, 103

antiplatelet therapy for, 102–103
avoiding treatment errors and, 104–105
β-blockade for, 103
hyperlipidemia treatment and, 104
nitrates for, 103
optimum treatment and, 100–104, 103f
revascularization indications and, 104

in older adults, 502–503
risk factors in, 18f
screening tests for, 87–89

coronary angiography as, 89
electrocardiography as, 87–89, 88f
electron-beam computed tomography as, 89
nuclear imaging as, 89
stress electrocardiography as, 89

sedentary lifestyle and, 531–532
ventricular tachycardia in, management and 

therapy for, 247
Coronary artery fistulas, 483–484
Coronary Doppler flow wire with percutaneous 

coronary intervention, 126
Coronary heart disease. See Ischemic heart 

disease.
Coronary revascularization. See Coronary artery 

bypass grafting; Percutaneous coronary 
intervention; Revascularization.

Coronary sinus techniques, transcatheter, 
346–348, 347f

Coronary stenosis, 97, 99f
in Kawasaki’s disease, 478f

Corrigan’s pulse, 302t
Corticosteroids for hypereosinophilic syndrome, 

172
Costello’s syndrome, 155
Counting of cardiovascular risk factors, 589–590
C-reactive protein in preventive cardiology, 594
Creatine kinase (CK)

in non–ST-elevation myocardial infarction, 
110–111, 110f

in ST-elevation myocardial infarction, 
116–117

Creatine kinase MB isoenzyme (CK-MB)
in non–ST-elevation myocardial infarction, 

110–111, 110f
in ST-elevation myocardial infarction, 

116–117
CT. See Computed tomography.
CTA. See Computed tomography angiography.
Culture-negative endocarditis, 328

antimicrobial therapy for, 330t
Cushing’s disease, cardiovascular manifestations 

of, 519
Cushing’s syndrome, cardiovascular 

manifestations of, 519, 520f
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Cutting balloon with percutaneous coronary 
intervention, 126

Cyanosis, 437
examination for, 8–9

Cyanotic heart disease, 433
arrhythmias in, 465–467
signs of, 8

Cyclic citrullinated peptide, antibodies to, in 
rheumatoid arthritis, 527–528

Cyclosporine for myocarditis, 185
Cysts, pericardial (springwater), 537

D
Danon’s disease, heart and, 510
Daunorubicin, cardiovascular toxicity of, 571
DCM. See Dilated cardiomyopathy.
d-Dimer in pulmonary thromboembolism, 549, 

549t
De Musset’s sign, 302t
Delayed hyperenhancement protocols for cardiac 

magnetic resonance imaging, 66–67
Delivery, physiological changes during, 489
Depolarization, abnormalities in sequence of, 

electrocardiographic criteria for, 33
Dermatomyositis, cardiac manifestations of, 530, 

531f
Desquamation in Kawasaki’s disease, 477
Dextrocardia, diagnosis of, 10
Diabetes mellitus

cardiovascular disease in
myocardial infarction in, 597–598
patient evaluation in, 597
in special populations, 597–599, 598f

cardiovascular manifestations of, 523–524
as coronary risk equivalent, 4
exercise and, 614
glucose control in, for coronary heart disease, 

101–102
vasculopathy in, complications of, 425, 425f

Diagnostic testing, 23–30. See also specific 
conditions and techniques.

for assessing anatomy, 23
for assessing function, 23
avoiding errors in, 29–30
future directions for, 30

Diastolic heart failure
etiology and pathogenesis of, 188, 189f
treatment of, 171–172, 171b

Diet therapy for dyslipidemias, 621, 622f
Diffuse B-cell lymphomas, cardiac, 538
Digital subtraction angiography

in abdominal aortic aneurysms, 395
in renal artery stenosis, 393

Digitalis for dilated cardiomyopathy,  
151–152

Digoxin
for atrial fibrillation, 235–236
for heart failure, 192

Dilated cardiomyopathy, 145–153
alcohol abuse and, 571
clinical presentation of, 148–149, 148f–149f, 

149t
diagnostic approach for, 149–151, 151t
differential diagnosis of, 149, 150f
ethanol-induced, 571
etiology and pathogenesis of, 145–148, 

146f–148f, 146t
familial, 175, 177t, 178f

autosomal-dominant transmission of, 175
mitochondrial inheritance of, 175
X-linked transmission of, 175

future directions for, 152
in HIV/AIDS, 557, 558f
idiopathic, sudden cardiac death in,  

251–252

management and therapy for, 151–152
avoiding treatment errors and, 152
optimum treatment and, 151–152

right heart catheterization in, 81t
ventricular tachycardia in, management and 

therapy for, 247
Diltiazem for atrial fibrillation, 235–236
Diphtheria

dilated cardiomyopathy and, 148f
myocarditis due to, 181, 183f

Diphtheria antitoxin for myocarditis, 185
Diphtheric polyneuropathy, heart and, 513
Dipyridamole, myocardial perfusion imaging 

using, 54
Direct renin inhibitors for hypertension, 402
Direct thrombin inhibitors for non– 

ST-elevation myocardial infarction, 111
Distal myopathy, heart and, 510
Diuretics

for dilated cardiomyopathy, 151–152
for heart failure, 192–193, 192t
for hereditary cardiomyopathy, 179
for hypertension, 401–402, 403t
for restrictive cardiomyopathy, 171–172

Dobutamine
for heart failure, 193
myocardial perfusion imaging using, 54–55

Dofetilide for atrial fibrillation, 236–239
Dominant mutation, 605b
Doppler imaging

in constrictive pericarditis, 374–375, 
376f–377f, 379

coronary Doppler flow wire and, with 
percutaneous coronary intervention, 126

in lower extremity peripheral vascular disease, 
390, 390f

in renal artery stenosis, 393, 408
in restrictive cardiomyopathy, Doppler filling 

patterns and, 168–169, 168f, 170f
tissue, 23–25, 45

in constrictive pericarditis, 375
in tricuspid stenosis, 320–321

Down’s syndrome
atrioventricular septal defects with, 460
signs of, 8, 9f

Doxorubicin
cardiovascular toxicity of, 571
restrictive cardiomyopathy due to, 164

Dressler’s syndrome after myocardial infarction, 
120–121

Dronedarone for atrial fibrillation, 238
Drugs

of abuse. See Substance abuse.
therapeutic. See Medications; specific drugs and 

drug types.
Dual AV nodal physiology, 223
Duchenne’s muscular dystrophy, heart and, 507, 

508f
Duke criteria for infective endocarditis, 325
Duke Treadmill Score, screening for coronary 

artery disease using, 87
Duroziez’s sign, 302t
Dysautonomia in systemic lupus erythematosus, 

529
Dyslipidemias, 619–625

diagnostic approach for, 619–620, 620f
hereditary hypercholesterol as, signs of, 99, 

100f
in HIV/AIDS

cardiovascular disease and, 559
management and therapy for, 560

management and therapy for, 620–624
avoiding treatment errors and, 624
drug therapy in, 621–624, 623f

future directions for, 624
for hyperlipidemia, 104, 524
optimum treatment and, 620–624, 621f
plasmapheresis in, 624
specific management and, 621, 622f

in women, 599–601
Dysphagia in polymyositis/dermatomyositis, 531f
Dyspnea

as anginal equivalent, 4
etiology of, 6, 6f, 7t

Dystrophinopathies, heart and, 507–510, 508f

E
Early repolarization, 35
EBCT. See Electron-beam computed 

tomography.
Ebstein’s malformation, arrhythmias in, 467, 

469f, 471t
ECG. See Electrocardiography.
Echocardiography, 23–25, 24f–26f, 45–49

in anomalous origin of the left coronary artery 
from the pulmonary artery, 481

in aortic regurgitation, 301–302, 303f
in aortic stenosis, 292–293, 292f, 293t
B-mode, in constrictive pericarditis, 375
in cardiogenic shock, 138
in congenital heart disease. See Congenital 

heart disease, echocardiography in;  
specific conditions.

in constrictive pericarditis, 366–367
contrast, 24, 26f, 47–48
in dilated cardiomyopathy, 150
Doppler. See Doppler imaging.
exercise, 26f
fetal, 441
future directions for, 49
handheld, 13
in hypertrophic cardiomyopathy, 157–158, 

157f–158f
impact of, 10–11
in infective endocarditis, 328–329, 329f
intracardiac, 48
for Kawasaki’s disease, 479
limitations of, 48
in mitral valve prolapse, 314, 315f
in pericardial effusion, 369
in pericardial tamponade, 380, 380t
in pulmonary hypertension, 543t
in pulmonic regurgitation, 323
in pulmonic stenosis, 322
in restrictive cardiomyopathy, 167–169, 167t

Doppler filling patterns and, 168–169, 168f, 
170f

in ST-elevation myocardial infarction, 117
stress, 46–47
in syncope, 265
three-dimensional, 25, 48
transducer positions for, 46f
transesophageal, 24, 24f, 46

in congenital heart disease, 441
in constrictive pericarditis, 375
in infective endocarditis, 328, 329f
limitations of, 48
positions for, 25f

transthoracic, 45–46, 46f–47f
clinical applications of, 45
in congenital heart disease, 441–442
in infective endocarditis, 328, 329f
M-mode, 45, 47f
with pharmacologic agents, 47
in pulmonary thromboembolism, 547
in stress-induced cardiomyopathy, 209–210
two-dimensional, 45, 46f–47f

in tricuspid stenosis, 319

Dilated cardiomyopathy (Continued) Dyslipidemias (Continued)
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Eclampsia, 407f, 494–495, 496f
Ectopia lentis in Marfan’s syndrome, 299f
Ectopic atrial rhythm, 33f
Ectopic ventricular beats, electrocardiographic 

criteria for, 33
Edwards SAPIEN valve, 340, 340f
Edwards MONARC device, 345, 347–348, 

347f–348f
Edwards-Carpentier valve, 355f
Efavirenz, cardiovascular disease and, 559
Ehlers-Danlos syndrome

peripheral vascular disease and, 389
signs of, 8, 9f

Eisenmenger’s syndrome, pregnancy in, 492
Elderly persons. See also Aging.

cardiovascular disease in, 599, 600f
syncope in, 268

Electrocardiographic monitoring, Holter, 23
in syncope, 265–266

Electrocardiography, 23, 31–39
in acute ischemia and infarction, 36–37, 37f
in acute pericarditis, 361–362, 365f
in aortic stenosis, 292, 470
arrhythmias and, 37, 38f
in atherosclerosis, 19–20
in athletes, 580–581
in atrial septal defect, 468–469
in atrial tachycardia, 228–229, 229f
in atrioventricular nodal reentrant tachycardia, 

225, 225f–226f, 226t
in atrioventricular reentrant tachycardia, 

227–228, 228f
in atrioventricular specific diagnosis of, 470
in complete heart block, postoperative, 470, 

470f
in constrictive pericarditis, 366, 379
in Ebstein’s malformation, 467, 469f
exercise, 23

screening for coronary artery disease using, 
87–89, 88f

in exercise stress testing, 51, 52f
future directions for, 38
Holter, 23
in hypertrophic cardiomyopathy, 157
leads for, 31, 32f
in mitral valve prolapse, 314–315
in non–ST-elevation myocardial infarction, 

108f, 109
in patent ductus arteriosus, 469
in pericardial effusion, 369
in pericardial tamponade, 379
in pulmonary stenosis, 470
in pulmonary thromboembolism, 545f, 547
in pulmonic stenosis, 322
QT abnormalities on, 35–36, 36f
reference lines for, 32f
resting, screening for coronary artery disease 

using, 87
in restrictive cardiomyopathy, 166, 167t
in ST-elevation myocardial infarction, 116, 

117f
in stress-induced cardiomyopathy, 208
in syncope, 265, 266f
in tetralogy of Fallot, 465, 467f
in transposition of the great arteries

D-transposition as, 465
L-transposition as, 470

in tricuspid atresia, 465–467, 469f
in tricuspid stenosis, 319, 321f
in ventricular septal defect, 467–468
in ventricular tachycardia, 241–242, 243f–244f
waveform and, 31–35, 33f

P wave and, 31, 33f
PR interval and, 32
QRS complex and, 32–34, 34f

ST segment and, 34–35
T wave and, 34–35
U wave and, 35, 35f

Electrolyte disorders, heart and, 510–511
Electromagnetic interferences with pacemakers 

and implantable cardioverter-
defibrillators, 273–275

Electron-beam computed tomography, 61
in atherosclerosis, 591f
in preventive cardiology, 593
screening for coronary artery disease using, 89

Electrophysiological studies, 29. See also 
Electrocardiography.

in syncope, 266–267
Emboli. See also Pulmonary thromboembolism.

from cardiac tumors, 535
in infective endocarditis, 325, 326f
with percutaneous coronary intervention, 124

prevention of, 125–126, 125f
Emery-Dreifuss muscular dystrophy, heart and, 

507–508
Enalapril

for dilated cardiomyopathy, 151–152
for heart failure, 192t

Enalaprilat for hypertensive emergencies, 403t
Endocardial cushion defects, 461f
Endocardial leads for pacemakers and 

implantable cardioverter-defibrillators, 
272

Endocarditis
eosinophilic. See Eosinophilic endocarditis.
infective, in HIV/AIDS, 558
thrombotic, nonbacterial, in HIV/AIDS, 558

Endocrine diseases. See also specific disorders.
cardiovascular manifestations of, 515–525

future directions for, 524
Endomyocardial biopsy

in dilated cardiomyopathy, 150
in restrictive cardiomyopathy, 171
in stress-induced cardiomyopathy, 210

Endomyocardial fibrosis, restrictive 
cardiomyopathy due to, 162–163, 163f

Endothelial injury, atherosclerotic pathogenesis 
and, 15, 16f–17f

Endothelin, Addison’s disease and, 521
Endovascular aneurysm repairs for abdominal 

aortic aneurysms, 421–422
Endovascular therapy

for abdominal aortic aneurysms, 421–422
for peripheral arterial disease, 413–419

future directions for, 418, 418f
lower extremity, 416
stroke as, 413–414, 414f–415f
upper extremity, 414–415
of visceral arteries, 415–416

Enterococcal endocarditis, 327
antimicrobial therapy for, 330t

Environmental effects, 605b
Eosinophilic endocarditis, 162–163
Ephedrine, 556
Episcleritis, nodular, with scleromalacia, in 

rheumatoid arthritis, 528f
Eplenerone

for dilated cardiomyopathy, 151–152
for heart failure, 192t

Epoprostenol for pulmonary hypertension, 544t
Erectile dysfunction in hypertrophic 

cardiomyopathy, management of, 159
Ergot alkaloids, cardiovascular toxicity of, 572, 

573f
Ergotamine, cardiovascular toxicity of, 572,  

573f
Erythema in polymyositis/dermatomyositis,  

531f

Esmolol for hypertensive emergencies, 403t
Ethanol

alcohol use and, 553–555, 554f
alcoholic cardiomyopathy and, 512, 554–555
cardiovascular toxicity of, 571
septal ablation using, for hypertrophic 

cardiomyopathy, 159–160
Ethnicity, cardiovascular disease and, 601
Etravirine, cardiovascular disease and, 559
EVARs. See Endovascular aneurysm repairs.
Event monitors in syncope, 265–266
Exercise, 609–617. See also Athletes.

in congestive heart failure, 614–616, 615f
for coronary heart disease, 100–101
definition of, 609
for dyslipidemias, 621, 622f
effects on cardiovascular health, 613–614

blood pressure and, 614
lipids and, 613–614
metabolic syndrome and diabetes and, 614
oxygen supply and demand and, 613, 613b

future directions for, 616
obesity and, 611
primary prevention and, 609–611, 610f
secondary prevention and, 611–613, 612f
women and, 611

Exercise echocardiography, 26f
Exercise stress testing, 51–53, 52f

in asymptomatic patients, ACC/AHA 
guidelines for, 89, 90t

for atherosclerosis, 20
bicycle-based, 51
in congenital heart disease, 473–476, 474f

characteristic pathologic responses in, 
475–476

future directions for, 476
normal responses of children to exercise 

and, 473–475
contraindications to, 53

Exercise tolerance, decreased, as anginal 
equivalent, 4

Ezetimibe for dyslipidemias, 623f, 624

F
Fabry’s disease

restrictive cardiomyopathy due to, 164
treatment of, 172

Facioscapulohumeral muscular dystrophy, heart 
and, 509

Fascicular blocks, electrocardiographic criteria 
for, 33

Fascicular tachycardia, management and therapy 
for, 248

Fast-slow tachycardia, 223
Fatigue as anginal equivalent, 4
Fatty acid imaging, 59
Fatty streaks, formation of, 15, 16f, 129
18F,2-deoxyglucose (FDG) as perfusion marker, 

58
Felodipine for heart failure, 193
Felty’s syndrome, cardiac manifestations of, 

531–532
Femoral aneurysms, 424

clinical presentation of, 424
surgical treatment of, 424

Femoropopliteal vessels, atherosclerosis of, 425
Fenfluramine, cardiovascular toxicity of, 

571–572, 572f
Fenofibrate for dyslipidemias, 624
Fenoldopam for hypertensive emergencies,  

403t
Fetal echocardiography, 441
Fever in Kawasaki’s disease, 477
Fibrate for triglyceride elevation, 104
Fibric acids for dyslipidemias, 623f, 624

Electrocardiography (Continued)
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Fibrinolytic agents for ST-elevation myocardial 
infarction, 117–118

Fibroelastomas, papillary, 536t, 537
Fibromas, cardiac, 536t, 537
Fibrosarcomas, cardiac, 538t
Fibrous plaque, atherosclerotic. See 

Atherosclerotic plaque.
Fibrous subaortic stenosis, 156f
Fick principle, 80
Fitness, definition of, 609
Flecainide

for atrial fibrillation, 236–238
for premature ventricular complexes, 248–249
for ventricular tachycardia, nonsustained, 248

Fluorine-18–labeled perfusion tracers, 54
Focal atrial tachycardia, catheter ablation of, 

280t, 282
electrical isolation of pulmonary veins and, 

284
success and complications of, 284

“Fontan physiology,” 457
Fontan procedure, 458, 459f

exercise testing and, 475–476
Forrester classification, 148
Fosinopril for heart failure, 192t
Framingham Risk Calculator, 4
Framingham risk scores, 87, 91, 590, 592b
Free wall rupture, cardiogenic shock and, 

136–138
“French paradox,” 553–555
Friedreich’s ataxia, heart and, 512–513, 512f
Fungal endocarditis, 328
Furosemide for heart failure, 192

G
Gastroesophageal reflux disease, chest 

discomfort due to, 5–6
Gaucher’s disease

restrictive cardiomyopathy due to, 164
treatment of, 172

Gemfibrozil for dyslipidemias, 624
Gene expression, molecular signatures of, 608
Gene therapy, angiogenic, for ischemic heart 

disease, 386
Genetic factors, 603–608, 604f, 605b

in atherosclerosis, 605
disease etiology and, 603, 606f–607f
future directions for, 608
in hypertrophic cardiomyopathy, 603–604, 

607f
in long QT syndrome, 604–605, 607f
molecular signatures of gene expression and, 

608
Genetic screening for acute coronary syndromes 

risk detection, 91–92
Genotype, 605b
Gentamicin for infective endocarditis, 330t
Geriatric patients. See Aging; Elderly persons.
Gestational hypertension, 494
Giant cell arteritis

cardiac manifestations of, 531
diagnosis of, 533

Giant cell myocarditis, 181
Glenn shunt, 457–458, 458f
Glucose control in diabetic patients, for 

coronary heart disease, 101–102
Glucose for hypokalemic periodic paralysis, 511
Glycogen storage diseases, heart and, 511
Glycoprotein IIb/IIIa receptor antagonists

for diabetes mellitus, myocardial infarction 
and, 597–598

for non–ST-elevation myocardial infarction, 
111–113

with percutaneous coronary intervention, 
123–124

for ST-elevation myocardial infarction, 
119–120

Gradient echo imaging for cardiac magnetic 
resonance imaging, 65

Gram-negative endocarditis, 327–328
Growth factors, age-related changes in, 502
Guillain-Barré syndrome, heart and, 513

H
HACEK endocarditis, 325, 328

antimicrobial therapy for, 330t
Hancock porcine valve, 355f
Handheld echocardiography, 13
Handheld ultrasound imaging devices, 46
Hashimoto’s thyroiditis, 518
HCM. See Hypertrophic cardiomyopathy.
HDL-C. See Dyslipidemias; High-density 

lipoprotein cholesterol.
Head-up tilt-table test in syncope, 266
Health-related fitness, definition of, 609
Heart. See also Cardiac entries; Cardiovascular 

entries.
anatomy of, 137f
embryologic development of, 457
innervation of, 263f, 436f
structural changes of, during pregnancy, 489

Heart failure, 187–195
clinical presentation of, 188f, 189
congestive, in older adults, 502
decompensated, prevention of, 145
diagnostic approach for, 189–190

defining etiology of heart failure and, 190
determining type and degree of left 

ventricular dysfunction and, 189–190, 
190f

diastolic
etiology and pathogenesis of, 188, 189f
treatment of, 171–172, 171b

differential diagnosis of, 189, 189b
etiology and pathogenesis of, 187–188

for diastolic heart failure, 188, 189f
for systolic heart failure, 187, 188f

exercise and, 614–616, 615f
future directions for, 195
left, 148, 148f
management and therapy for, 190–195, 191f

avoiding treatment errors and, 194
comorbid disease and, 194–195
device therapy in, 194
for diastolic heart failure, 194
drug costs and, 192t, 194
nonpharmacologic, 194
optimum treatment and, 191–193, 192t

in older adults, 502
pregnancy in, 494
right, 148, 149f
systolic. See also Dilated cardiomyopathy.
etiology and pathogenesis of, 187, 188f

Heart sounds
auscultation of, 10–11, 12f
in constrictive pericarditis, 364
during pregnancy, 490–491

Heart valves. See also Valvular heart disease; 
specific valve disorders.

age-related changes in, 499
Heart-lung transplantation for pulmonary 

hypertension, 545
HeartMate II, 203t, 204, 204f
HeartMate XVE, 203–204, 203t, 204f
Helex Septal Occluder, 452, 453f
Hemangiomas, cardiac, 536t
Hematomas with percutaneous coronary 

intervention, 124

Hemochromatosis
restrictive cardiomyopathy due to, 164
treatment of, 172

Hemodynamic monitoring in cardiogenic shock, 
138–139

Hemodynamics
during delivery, 489
during pregnancy, 489

Hemorrhage
with percutaneous coronary intervention, 124
retroperitoneal, with percutaneous coronary 

intervention, 124
Heparin

for non–ST-elevation myocardial infarction, 
111

with percutaneous coronary intervention, 123
for pulmonary thromboembolism, 549–550
unfractionated, for ST-elevation myocardial 

infarction, 120
Hereditary cardiomyopathy, 175–180

clinical presentation of, 176–179
diagnostic approach for, 179
differential diagnosis of, 179
etiology and pathogenesis of, 175–176
future directions for, 180
management and therapy for, 179–180

Heyde’s syndrome, 291
High-density lipoprotein cholesterol. See also 

Dyslipidemias.
in diabetes mellitus, 524

Highly active antiretroviral therapy, 
cardiovascular toxicity of, 572

High-speed rotational atherectomy with 
percutaneous coronary intervention, 125, 
125f

Hill’s sign, 302t
Hispanics, cardiovascular disease in, 601
History taking, 3–8

ascites in, 7–8
chest discomfort in, 3–6, 4b–6b
dyspnea in, 6, 6f, 7t
palpitations in, 8
peripheral edema in, 7–8
syncope in, 7b, 8

HIV/AIDS, cardiac diseases in, 557–561, 558f
atherosclerotic, 558–560
clinical presentation of, 557–558
etiology and pathogenesis of, 557
future directions for, 560
lipid abnormal management and therapy and, 

560
HMG-CoA reductase inhibitors. See Statins.
Holter monitoring, 23

in syncope, 265–266
Homocysteine, coronary artery disease and, 529
Homocysteinuria, peripheral vascular disease 

and, 389
Hormone replacement therapy as cardiovascular 

risk factor, 599–601
Hufnagel valve, 353, 354f
Human immunodeficiency virus. See HIV/AIDS.
Hurler’s syndrome, restrictive cardiomyopathy 

due to, 164
Hydralazine

for dilated cardiomyopathy, 151–152
for heart failure, 191–192, 192t
for hypertension, in pregnancy, 494
for hypertensive emergencies, 403t

Hydrochlorothiazide for heart failure, 192
Hydroxychloroquine, cardiovascular toxicity of, 

571
Hydroxymethylglutaryl-coenzyme A reductase 

inhibitors. See Statins.
Hydroxyurea for hypereosinophilic syndrome, 

172

Glycoprotein IIb/IIIa receptor antagonists 
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Hypercholesterol, hereditary, signs of, 99, 100f
Hypereosinophilic syndrome, treatment of, 172
Hyperkalemia, heart and, 510f
Hyperlipidemia, treatment of, 104, 524
Hyperparathyroidism, cardiovascular 

manifestations of, 519
Hypersensitivity reactions, myocarditis due to, 

181
Hypertension, 397–404, 398b, 398t

alcohol use and, 555
clinical presentation of, 397–398, 399f–401f
consequences of, 397
diagnostic approach for, 399–400, 401b–402b
differential diagnosis of, 398, 399b
dilated cardiomyopathy and, 145, 147f
essential, 398
etiology and pathogenesis of, 397, 398f, 

405–408, 407f
future directions for, 403
gestational, 494
heart failure due to, 187, 189f
hypertrophic cardiomyopathy and, 156f
as indication for revascularization, in 

atherosclerotic renal artery stenosis, 
410–411

management and therapy for, 400–403
avoiding treatment errors and, 402–403
optimum treatment and, 400–402, 402b, 

403t
in older adults, 599
in pregnancy, 494–495, 495t, 496f
pulmonary. See Pulmonary hypertension.
renal artery disease causing, 405, 406f. See also 

Renal artery stenosis.
Hypertensive crises, drugs precipitating, 522
Hyperthyroidism, cardiovascular manifestations 

of, 516–518, 517f
Hypertrophic cardiomyopathy, 155–160, 156f

in athletes, sudden cardiac death due to, 
575–577, 576f

clinical presentation of, 155, 164
clinical syndromes and variants of, 155
diagnostic approach for, 157–158

cardiac catheterization and, 158
echocardiography and, 157–158,  

157f–158f
electrocardiography and, 157
exercise and, 158
physical examination and, 157

differential diagnosis of, 155–157, 157f
epidemiology of, 155
etiology and pathogenesis of, 155, 156f
familial, 175–176, 176t, 178f
future directions for, 160
genetics of, 603–604, 607f
management and therapy for, 158–160

alcohol ablation of septum in, 159–160
avoiding treatment errors and, 159
for erectile dysfunction, 159
implantable cardioverter defibrillator in, 

159, 159b
medical management and, 158–159
optimum treatment and, 158–159
permanent pacing in, 159
surgical, 159

obstructive, 155
aortic stenosis in, 289
right heart catheterization in, 81t

sudden cardiac death in, 252–253, 254f
ventricular tachycardia in, management and 

therapy for, 247
Hypertrophic subaortic stenosis, 155, 156f
Hypoadrenalism, cardiovascular manifestations 

of, 519–521
Hypocalcemia, QT interval and, 36, 36f

Hypokalemic periodic paralysis, heart and, 
510–511, 510f

Hypoperfusion, dilated cardiomyopathy and, 148
Hypopituitarism, cardiovascular manifestations 

of, 515
Hypoplastic left heart syndrome

echocardiography in, 445, 446f
Norwood correction of, 458f
surgical treatment of, 458–459

Hypotension, orthostatic, syncope due to, 261, 
262t, 264f

Hypothyroidism, cardiovascular manifestations 
of, 518–519

Hypoventilation, obesity, 567–568
Hypoxemia in congenital heart disease, 433–435

I
IABP. See Intra-aortic balloon pumping.
ICDs. See Implantable cardioverter-

defibrillators.
iCoapsys device, 349
Idarubicin, cardiovascular toxicity of, 571
Idiopathic hypertrophic subaortic stenosis, 289
Idioventricular left ventricular tachycardia, 

management and therapy for, 248
Idioventricular rhythm, accelerated, management 

and therapy for, 248
Iliac artery stenosis, endovascular therapy for, 

416, 417f
Iloprost for pulmonary hypertension, 544t
Immunosuppressive therapy

cardiac effects of, 533–534
following cardiac transplantation, 201
for myocarditis, 185

Implantable cardioverter-defibrillators
for dilated cardiomyopathy, 152
electromagnetic interference and, 273–275
future directions for, 274f, 275
for heart failure, 194
for hereditary cardiomyopathy, 179
for hypertrophic cardiomyopathy, 159, 159b
implantation of, 272–273, 276f–277f
indications for, 271
long-term follow-up with, 273
for myocardial infarction prevention, 121
postimplantation care for, 273
for sudden cardiac death prevention, 256–258, 

257t
indications for, 258, 258b
primary, 256–258
secondary, 258

technology of, 272, 275f
for ventricular tachycardia, 245–246

in arrhythmogenic right ventricular 
cardiomyopathy, 247

in dilated cardiomyopathy, 247
in hypertrophic cardiomyopathy, 247
nonsustained, 248
in sarcoidosis, 247

Impulse formation, age-related changes in, 
499–500

Infectious agents
atherosclerosis and coronary heart disease and, 

594
bacterial, myocarditis due to, 181, 182f–183f
endocarditis and. See Infective endocarditis.
viral, dilated cardiomyopathy and, 147–148, 

148f
Infectious myocarditis, 181–182, 182f–183f

treatment of, 185
Infective endocarditis, 325–331

aortic stenosis and, 293
clinical presentation of, 325, 326f–327f
culture-negative, 328, 330t
diagnostic approach for, 325–328

differential diagnosis of, 325
echocardiography in, 328
enterococcal, 327, 330t
etiology and pathogenesis of, 325
fungal, 328
future directions for, 330–331
gram-negative, 327–328
HACEK, 325, 328, 330t
in HIV/AIDS, 558
management and therapy for, 328–330

antimicrobials in, 328, 330t
avoiding treatment errors and, 329–330
echocardiography and, 328–329
optimum treatment and, 328–329
prophylaxis and, 330
surgical, 329

microbiology of, 325
in HIV/AIDS, 558

prevention of, during pregnancy, 494
prosthetic valve, 328, 330t
staphylococcal, 326, 330t
streptococcal, 330t

Inferior vena cava filters for pulmonary 
thromboembolism, 550

Inflammation, chronic
amyloidosis and, 531–532
coronary heart disease and, 531–532

Inflammatory bowel disease, arthritis associated 
with, cardiac manifestations of, 529

Inflammatory myopathy
cardiac manifestations of, 528t–529t
heart and, 511–512

Inflammatory response, atherosclerotic 
pathogenesis and, 15, 18f

Infrainguinal occlusive disease, surgical 
treatment of, 427

Injury current, 37
Inotropes

for heart failure, 193
for hereditary cardiomyopathy, 179

Insulin for hypokalemic periodic paralysis, 511
Insulin resistance in HIV/AIDS, cardiovascular 

disease and, 560
Integrase inhibitors, cardiovascular disease and, 

560
Intermittent porphyria, acute, heart and, 513
Intra-aortic balloon pumping in cardiogenic 

shock, 139, 139f
Intracardiac pressure, 371, 372f
Intrapericardial pressures, 371, 372f
Intravascular ultrasound, 48

for acute coronary syndromes risk detection, 
92–93, 93f

with percutaneous coronary intervention, 126, 
127f

Intravenous drug use, 554f, 555
Intravenous immunoglobulin

for Kawasaki’s disease, 479
for myocarditis, 185

Intraventricular conduction abnormalities, 
electrocardiographic criteria for, 33

Iridocyclitis in ankylosing spondylitis, 530f
Ischemic heart disease

acute, electrocardiography in, 36–37, 37f
angiogenesis and, 385–387
as cardiac magnetic resonance imaging 

indication, 66–67, 66f
chest discomfort in, 3–4, 115
clinical presentation of, 129
cocaine-induced, 555
differential diagnosis of, 129
dilated cardiomyopathy and, 145. See also 

Dilated cardiomyopathy.
during exercise stress testing, 51, 52f

Infective endocarditis (Continued)
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exertional, 4
hypertension and, 397
mitral regurgitation due to, 311
prior probability of, 3
rest-induced, 4
risk assessment for, 591f
sudden cardiac death in, 251
in women, 599, 600f

Isometric exercise in cardiac examination,  
13f

Isosorbide dinitrate for heart failure, 191–192, 
192t

IVIG. See Intravenous immunoglobulin.
IVUS. See Intravascular ultrasound.

J
Jugular venous pulsation, examination of,  

9–10

K
Kaposi’s sarcoma, 538

in HIV/AIDS, 557
Kawasaki’s disease, 477–480

cardiac manifestations of, 531
clinical presentation of, 477, 478f
diagnostic approach for, 478, 479b
differential diagnosis of, 478–479
etiology and pathogenesis of, 477, 478f
future directions for, 479–480
management and therapy for, 479

avoiding treatment errors and, 479
optimum treatment and, 479, 480f

Kearns-Sayre syndrome, heart and, 511
Kussmaul’s sign in constrictive pericarditis, 364, 

373, 377–379

L
Labetalol

for hypertension in pregnancy, 494
for hypertensive emergencies, 403t

Labor, physiological changes during, 489
Large-vessel arteritis, cardiac manifestations of, 

531
LDL-C. See Dyslipidemias; Low-density 

lipoprotein cholesterol.
Leber’s hereditary optic neuropathy, heart and, 

511
Left bundle branch block, electrocardiographic 

criteria for, 33
Left heart catheterization, 81–83, 82f–84f

future directions for, 83
Left heart failure, 148, 148f
Left ventricular aneurysms after myocardial 

infarction, 120–121
Left ventricular diastolic filling, age-related 

changes in, 499
Left ventricular dysfunction

cardiogenic shock secondary to. See 
Cardiogenic shock.

determining type and degree of, 189–190, 
190f

ST-elevation myocardial infarction and,  
115

Left ventricular ejection fraction, age-related 
changes in, 499

Left ventricular failure, cardiogenic shock and, 
135, 136f

Left ventricular hypertrophy
aerobic training and, 580f
hypertensive, 397, 400f

Left ventricular outflow tract obstruction, 
exercise testing in, 475

Left ventriculography, 81, 82f–83f
Leiomyosarcomas, cardiac, 538t

Leisure activity, definition of, 609
Leriche’s syndrome, 389, 425
Lifestyle modification

for hereditary cardiomyopathy, 179
for hypertension prevention and control, 401, 

402b
for myocardial infarction prevention, 121
for neurally mediated syncope, 267

Limb girdle muscular dystrophy, heart and, 
509–510

Lipid(s). See also Dyslipidemias; High-density 
lipoprotein cholesterol; Low-density 
lipoprotein cholesterol.

exercise and, 613–614
Lipid storage myopathy, heart and, 511
Lipomas, cardiac, 536t, 537
Liposarcomas, cardiac, 538t
Lisinopril for heart failure, 192t
Liver transplantation for amyloidosis, 172
Liver-heart transplantation for amyloidosis, 172
Loeys-Dietz syndrome, peripheral vascular 

disease and, 389
Löffler’s endocarditis. See Eosinophilic 

endocarditis.
Long QT syndrome

genetics of, 604–605, 607f
sudden cardiac death in, 254f, 255

Long RP tachycardia, 225, 226f
Loop diuretics for dilated cardiomyopathy, 

151–152
Loop recorders in syncope, 265–266
Lopinavir, cardiovascular disease and, 559
Losartan for heart failure, 192t
Low-molecular-weight heparin for non– 

ST-elevation myocardial infarction, 111
Low-density lipoprotein cholesterol. See also 

Dyslipidemias.
in diabetes mellitus, 523–524
elevated, in older adults, 599
exercise and, 613

Low-output syndrome, 193
Lung cancer, metastatic to heart, 538–539
Lung transplantation for pulmonary 

hypertension, 545
LVH. See Left ventricular hypertrophy.
Lyme myocarditis treatment of, 185
Lymphadenopathy, cervical, in Kawasaki’s 

disease, 477
Lymphomas, cardiac, 535, 538t

diffuse B-cell, 538
in HIV/AIDS, 557
non-Hodgkin’s, 538

M
Ma huang, 556
Macroreentrant atrial tachycardia, catheter 

ablation of, 282, 283f
for atypical atrial flutter, 280t, 282
for typical atrial flutter, 282

Magnetic resonance angiography
in abdominal aortic aneurysms, 395
in atherosclerosis, 591f
in carotid artery disease, 392–393
in lower extremity peripheral vascular disease, 

391, 391f
in preventive cardiology, 593
in renal artery stenosis, 393

Magnetic resonance imaging, 27–28, 27f–28f
cardiac. See Cardiac magnetic resonance 

imaging.
in constrictive pericarditis, 365–367, 380
contrast agents for, 27–28, 28f
in pericardial effusion, 369
in pericardial tamponade, 380
in restrictive cardiomyopathy, 167t, 170

Malignancy(ies)
cardiac

primary, 538, 538t
secondary, 538–539, 539f

pericardial effusion due to, 367, 369
Maneuvers in cardiac examination, 11–13, 13f
Marfan’s syndrome

aortic regurgitation in, 297, 299f
in athletes, sudden cardiac death due to, 579
peripheral vascular disease and, 389
pregnancy in, 492
signs of, 8, 9f

Maze procedure for atrial fibrillation, 238f, 239
McLeod’s syndrome, heart and, 510
MDCT. See Multidetector computed 

tomography.
Mechanical circulatory support devices 

(MCSDs), 201–205
FDA-approved, 203–204, 203t, 204f
future directions for, 205
indications for, 201–203, 202f
patient selection for, 201–203
results with, 204–205

Medications
cardiovascular. See also specific drugs and drug 

types.
sleep and, 568

noncardiac. See also specific drugs and drug 
types.

cardiovascular toxicity of, 571–573, 572b
Medtronic freestyle valve, 355f
Medtronic-Hall pivoting disk valve, 353, 355f
Melanomas, metastatic to heart, 538–539
Mesenteric ischemia

endovascular therapy for, 415–416
surgical treatment of, 428

Mesotheliomas
cardiac, 538t
pericardial, 538

Metabolic factors in cardiovascular disease, 
605–608

Metabolic syndrome, 619–620, 620f
exercise and, 614
signs of, 99, 99b

Meta-iodobenzylguanidine scanning, 59–60
Metastatic disease, cardiac, 538–539, 539f
Methotrexate, cardiac pathology associated with, 

531
Methyldopa for hypertension in pregnancy, 494
Methysergide, cardiovascular toxicity of, 572, 

573f
Metoprolol succinate

for dilated cardiomyopathy, 151–152
for heart failure, 192t

Metoprolol tartrate for heart failure, 192t
Mexiletine for hypokalemic periodic paralysis, 

511
MI. See Myocardial infarction; Non–ST-

elevation myocardial infarction; 
ST-elevation myocardial infarction.

MIBG scanning. See Meta-iodobenzylguanidine 
scanning.

Microbubbles in contrast echocardiography, 
47–48

Milrinone for heart failure, 193
Mineralocorticoid disorders, cardiovascular 

manifestations of, 521, 522f
Mitochondrial disorders, heart and, 511
MitraClip, 345, 346f
Mitral annuloplasty

percutaneous, direct and indirect techniques 
for, 348–349

transvenous, percutaneous, 345
Mitral edge-to-edge repair, percutaneous, 345, 

346f

Ischemic heart disease (Continued)
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Mitral regurgitation, 345–349
cardiogenic shock and, 136, 137f
clinical presentation of, 306–307
differential diagnosis of, 307
etiology and pathogenesis of, 305, 308f–309f
future directions for, 312
grading of, left heart catheterization for, 81
hypertrophic cardiomyopathy and, 157
management and therapy for, 311–312

avoiding treatment errors and, 311–312, 
312f

optimum treatment and, 311
in older adults, 503
pathophysiology of, 345
percutaneous intervention for

direct and annuloplasty approaches for, 
348–349, 348f–349f

edge-to-edge repair as, 345, 346f
indications for, 345
transcatheter coronary sinus techniques as, 

346–348, 347f
during pregnancy, 493t
right heart catheterization in, 81t

Mitral stenosis, 341–345
clinical presentation of, 305–306
diagnostic approach for, 308
differential diagnosis of, 307
etiology and pathogenesis of, 305, 306f–307f
future directions for, 312
management and therapy for, 308–311

avoiding treatment errors and, 309–311
optimum treatment and, 308–309, 

310t–311t
in older adults, 503
pathophysiology of, 341, 342f
percutaneous intervention for

acute results and complications with, 344, 
344t

double-balloon techniques for, 342f, 343
indications for, 341–343, 343t
Inoue balloon method for, 343–344
long-term results with, 344–345
surgical commissurotomy compared with, 

344–345
technique for, 343–344

pregnancy in, 492–493, 493t
right heart catheterization in, 81t

Mitral valve, anatomy of, 136, 137f
Mitral valve prolapse, 313–317

clinical presentation of, 313, 314f
complications of, 315–316
diagnostic approach for, 314–315, 315f
differential diagnosis of, 313–314
etiology and pathogenesis of, 313
future directions for, 317
management and therapy for, 316–317

avoiding treatment errors and, 316–317
optimum treatment and, 316

Mitral valve repair, 355
for mitral regurgitation, 311

Mitral valve replacement, 355
for mitral stenosis, 309, 310t–311t

Mitral valvotomy, open, for mitral stenosis, 309
Mitralign System, 348
Mobitz type I block, 215–218, 218f
Mobitz type II block, 215–218, 218f
Mobius Leaflet Repair System, 345
Molecular imaging for acute coronary 

syndromes risk detection, 91, 92f
Monoamine oxidase inhibitors, hypertensive 

crisis due to, 522
Morphine sulfate for non–ST-elevation 

myocardial infarction, 111
MPI. See Myocardial perfusion imaging.
MRA. See Magnetic resonance angiography.

MRI. See Cardiac magnetic resonance imaging; 
Magnetic resonance imaging.

MUGA scanning. See Multiple-gated acquisition 
scanning.

Müller’s sign, 302t
Multidetector computed tomography, 61–62
Multifascicular blocks, chronic, 219–220, 219b, 

220t
Multigated radionuclide angiography in 

restrictive cardiomyopathy, 169–170
Multiple-gated acquisition scanning, 56–58, 58f

clinical applications of, 58
Murmurs

examination for, 11, 12f
during pregnancy, 490–491

Muscle diseases. See also specific diseases.
heart and, 507–512

future directions for, 513–514
Muscular dystrophy

Becker’s, heart and, 507
dilated cardiomyopathy and, 148
Duchenne’s, heart and, 507, 508f
Emery-Dreifuss, heart and, 507–508
facioscapulohumeral, heart and, 509
heart and, 507
limb girdle, heart and, 509–510

Muscular subaortic stenosis, 155
Mutations, 603, 605b, 606f
MVP. See Mitral valve prolapse.
Myocardial changes, age-related changes in,  

499
Myocardial fibrosis, 397, 399f
Myocardial infarction

as atherosclerosis presentation, 17–18
cardiogenic shock after. See Cardiogenic 

shock.
cocaine-induced, 555
electrocardiography in, 36–37, 37f
manifestations of, 108f
non–ST-elevation. See Non–ST-elevation 

myocardial infarction.
in older adults, 502–503
in pregnancy, 497
protease inhibitors and, 572
ST-elevation. See ST-elevation myocardial 

infarction.
Myocardial ischemia, 116f. See also Ischemic 

heart disease.
Myocardial perfusion imaging, 53–55, 55f

radionuclide, screening for coronary artery 
disease using, 89

stress, 26
contraindications to, 55

stress with, 54–55, 55f
Myocardial viability, imaging for assessment of, 

58
Myocarditis, 181–186

clinical presentation of, 181–182, 184b
diagnostic approach for, 184, 184b, 185f
differential diagnosis of, 184
etiology and pathogenesis of, 181, 182b, 

182f–183f
future directions for, 185–186
giant cell, 181
infectious, 181–182, 182f–183f

treatment of, 185
management and therapy for, 184–185

avoiding treatment errors and, 185
optimum treatment and, 184–185

in rheumatoid arthritis, 527–528
in systemic lupus erythematosus, 529

Myocyte death, imaging to detect, 60
Myofibrillar myopathy, heart and, 510
Myomectomy, surgical, for hypertrophic 

cardiomyopathy, 159

Myopathy. See also Cardiomyopathy; Dilated 
cardiomyopathy; Hypertrophic 
cardiomyopathy; Restrictive 
cardiomyopathy; Stress-induced 
cardiomyopathy.

alcoholic, heart and, 512
distal, heart and, 510
inflammatory

cardiac manifestations of, 528t–529t
heart and, 511–512

lipid storage, heart and, 511
myofibrillar, heart and, 510

Myotomy, ventricular, subaortic, for 
hypertrophic cardiomyopathy, 159

Myotonic dystrophy, heart and, 508, 509f
Myxedema heart, 518f
Myxomas, 536–537, 536f, 536t

clinical presentation of, 536–537
management and therapy for, 537

N
Nafcillin for infective endocarditis, 330t
Narcotic abuse, 555–556
Native Americans, cardiovascular disease in, 601
Natriuretic peptides in dilated cardiomyopathy, 

150
Neisseria gonorrhoeae infections, 328
Neovascularization, atherosclerosis and, 385
Nerve diseases. See also specific diseases.

heart and, 512–513
future directions for, 513–514

Nesiritide for heart failure, 193
Neurally mediated syncope, 261, 262t, 263f

treatment of, 267–268
Neurohormones

age-related changes in, 502
exercise and, 615

Nevirapine, cardiovascular disease and, 559
New York Heart Association Classification of 

Heart Disease, 6–7, 7t
Niacin

for dyslipidemias, 624
for triglyceride elevation, 104

Nicotinic acid for dyslipidemias, 623f
Nitrates. See also specific drugs.

for coronary heart disease, 103
for dilated cardiomyopathy, 151–152
for heart failure, 192–193, 192t
for non–ST-elevation myocardial infarction, 

111
Nitric acid, 630
Nitrogen-13 ammonia for PET, 54
Nitrogen dioxide, cardiovascular effects of,  

630
Nitroglycerin

for heart failure, 193
for hypertensive emergencies, 403t

Nitroprusside
for heart failure, 193
for hypertensive emergencies, 403t

NNRTIs. See Nonnucleoside reverse 
transcriptase inhibitors.

Nodular episcleritis with scleromalacia in 
rheumatoid arthritis, 528f

Nonbacterial thrombotic endocarditis in HIV/
AIDS, 558

Noncardiac medications. See also specific drugs.
cardiovascular toxicity of, 571–573, 572b

coronary artery, 572
future directions for, 572–573
myocardial, 571
valvular, 571–572

Noncompaction
left ventricular, hereditary, 176
restrictive cardiomyopathy due to, 164
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Non-Hodgkin’s lymphoma
cardiac, 538
in HIV/AIDS, 557
metastatic to heart, 538–539

Nonnucleoside reverse transcriptase inhibitors, 
cardiovascular disease and, 559

Non–rapid eye movement sleep, 563
Non–ST-elevation myocardial infarction, 

107–113
clinical presentation of, 107
diagnostic approach for, 108–110

biochemical markers in, 109–110, 109f
electrocardiography in, 108f, 109
history and physical examination and, 

108–109
differential diagnosis of, 107–108
etiology and pathogenesis of, 107, 108f
future directions for, 113
management and therapy for, 110–113

anticoagulant drugs for, 111
anti-ischemic agents for, 111
antiplatelet agents for, 111–113
avoiding treatment errors and, 112f, 113
revascularization for, 113
risk stratification and, 110–111

Nonsteroidal anti-inflammatory drugs. See also 
specific drugs.

for acute pericarditis, 362
Nonsustained ventricular tachycardia, 

management and therapy for, 248
Noonan’s syndrome, pulmonic stenosis in, 321
Norwood procedure for correction of 

hypoplastic left-sided heart syndrome 
(HLHS), 458–459, 458f, 459f

NREM sleep. See Non–rapid eye movement 
sleep.

NSAIDs. See Nonsteroidal anti-inflammatory 
drugs; specific drugs.

NSTEMI. See Non–ST-elevation myocardial 
infarction.

NSVT. See Nonsustained ventricular 
tachycardia.

Nuclear cardiac imaging in restrictive 
cardiomyopathy, 169–170

Nuclear ventriculography. See Ventriculography, 
nuclear.

Nucleoside reverse transcriptase inhibitors, 
cardiovascular disease and, 559–560

NYHA class. See New York Heart Association 
Classification of Heart Disease

O
OAVRT. See Orthodromic atrioventricular 

reentrant tachycardia.
Obesity, exercise and, 611
Obesity hypoventilation, 567–568
Obstructive sleep apnea, 564–567, 564b–565b, 

564f–565f, 564t
cardiac disease and, 565
clinical presentation of, 566, 566b
diagnostic approach for, 566
differential diagnosis of, 566
heart failure treatment and, 565
hypertension and, 564–565
management and therapy for, 566–567

avoiding treatment errors and, 567
optimum treatment and, 566–567, 566f

in stroke, 566
Older adults. See Aging; Elderly persons.
Orthodromic atrioventricular reentrant 

tachycardia, 227
Orthodromic reciprocating tachycardia, 227
Orthostatic hypotension, syncope due to, 261, 

262t, 264f
OSA. See Obstructive sleep apnea.

Osteosarcomas, cardiac, 538t
Ostium primum defects, surgical treatment of, 

459–460
Ostium secundum defects, 452f

surgical treatment of, 459–460, 461f
Oxacillin for infective endocarditis, 330t
Oxygen demand

exercise and, 613
increased, conditions causing, 4, 5b

Oxygen pulse, 475
Oxygen supply, exercise and, 613
Oxygen utilization

age-related changes in, 501–502
measurement of, right heart catheterization 

for, 80
Oxygen-15 water for PET, 54
Ozone, cardiovascular effects of, 630

P
P wave, 31, 33f

in ventricular tachycardia, 242, 243f
Pacemakers

biventricular, indications for, 271, 273f
electromagnetic interference and, 273–275
future directions for, 275
implantation of, 272–273
indications for, 271, 272f
long-term follow-up with, 273
postimplantation care for, 273
technology of, 271

Pacing, permanent
in atrioventricular blocks, indications for, 

221t–222t
in chronic bifascicular block, indications for, 

220t
for hypertrophic cardiomyopathy, 159
in sinus node dysfunction, indications for, 

221t
Paget-Schroetter’s syndrome, endovascular 

therapy for, 415
Palliative surgery for congenital heart disease, 

457–458, 458f–459f
Palpitations

history of, 8
during pregnancy, differential diagnosis of, 

491
Papillary fibroelastomas, 536t, 537
Parathyroid disorders, cardiovascular 

manifestations of, 519
Paroxetine for neurally mediated syncope, 268
Particulate matter, cardiovascular effects of, 

627–630, 629f
Patent ductus arteriosus

arrhythmias in, 469, 471t
surgical treatment of, 459
transcatheter closure of, 451–454, 451f

PCI. See Percutaneous coronary intervention.
PCWP. See Pulmonary capillary wedge pressure.
Pediatric patients. See also Congenital heart 

disease.
syncope in, 268

Penicillin for infective endocarditis, 330t
Percutaneous coronary intervention, 123–128

adjunctive pharmacologic therapy with, 123
for atherosclerosis, 20–21
complications of, 124
coronary artery bypass grafting compared 

with, 126
for coronary artery disease, 104

coronary Doppler flow wire and, 126
coronary lesion selection for, 128
cutting balloon and, 126
devices to protect against distal embolization 

and, 125–126, 125f
devices to remove thrombus and, 126

equipment for, 123, 124f–125f
future directions for, 128
high-speed rotational atherectomy and, 125, 

125f
indications for, 126–128
intravascular ultrasound and, 126, 127f
for non–ST-elevation myocardial infarction, 

113
outcomes with, 123–124
patient selection for, 126–128
procedure for, 123
for ST-elevation myocardial infarction, 

117–119, 120f
usage statistics for, 124f

Percutaneous septal sinus shortening (P3 
system), 349

Pergolide, cardiovascular toxicity of, 572, 573f
Pericardial cysts, 537
Pericardial disease, 361–370. See also specific 

conditions.
cardiac computed tomography to evaluate, 64
as cardiac magnetic resonance imaging 

indication, 67
future directions for, 370

Pericardial effusion, 367–370
clinical presentation of, 367–368, 368f
diagnostic approach for, 369
differential diagnosis of, 368–369
etiology and pathogenesis of, 367
in HIV/AIDS, 557–558
management and therapy for, 369–370

avoiding treatment errors and, 369–370
optimum treatment and, 369

transthoracic echocardiography in, 45–46
Pericardial knock in constrictive pericarditis, 364
Pericardial mesotheliomas, 538
Pericardial sac, 362f
Pericardial sclerosis, 369
Pericardial tamponade, 368, 368f

clinical presentation of, constrictive 
pericarditis compared with, 379t

diagnostic approach for, 379–381
hemodynamics in, 375–377, 378f

constrictive pericarditis compared with, 
375–376, 378t

echo-Doppler features and, 377
pressure measurements and, 375–376, 378t

intracardiac pressure in, 373f
management and therapy for, 534
right heart catheterization in, 81t
in systemic lupus erythematosus, 528–529

Pericardial window for pericardial effusion, 369, 
534

Pericardiectomy for constrictive pericarditis, 367
Pericardiocentesis

for pericardial effusion, 369
for pericardial tamponade, 534

Pericardiotomy, balloon, for pericardial effusion, 
369

Pericarditis
acute, 361–363

clinical presentation of, 361
diagnostic approach for, 361–362, 365f
differential diagnosis of, 361
etiology and pathogenesis of, 361, 

363f–364f
management and therapy for, 362–363

constrictive. See Constrictive pericarditis.
in HIV/AIDS, 557–558
management and therapy for, 534
purulent, 364f
in rheumatoid arthritis, 527, 528f, 528t
in systemic lupus erythematosus, 528–529
tuberculous, 364f

Percutaneous coronary intervention (Continued)
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Pericardium
anatomy of, 137f
carcinomatous infiltration of, 364f

Perindopril for heart failure, 192t
Peripartum cardiomyopathy, 181, 495
Peripheral edema, history of, 7–8
Peripheral vascular disease, 389–396

abdominal aortic aneurysms as, 395
clinical presentation of, 395
diagnostic approach for, 395

carotid artery disease as, 391–393
clinical presentation of, 391–392
diagnostic approach for, 392–393

etiology and pathogenesis of, 389, 421, 422f
future directions for, 395–396
interventional approaches for, 413–419

future directions for, 418, 418f
for lower extremity disease, 416, 417f
for stroke, 413–414, 414f–415f
for upper extremity disease, 414–415
for visceral artery disease, 415–416

lower extremity, 389–391
clinical presentation of, 389
diagnostic approach for, 389–391

masking coronary heart disease, 4
in older adults, 504, 505f
pregnancy in, 492
renal artery stenosis as, 393

clinical presentation of, 393
diagnostic approach for, 393, 394f

signs of, 8
surgical treatment of, 421–429

for abdominal aortic aneurysms, 421–424, 
423f

for aortic dissections, 428
for carotid disease, 427
for femoral aneurysms, 424
future directions for, 428–429
for lower extremity atherosclerosis, 

425–427, 425f–426f
for popliteal aneurysms, 424
for thoracic aneurysms, 423f, 424
for visceral disease, 427–428

Permanent junctional reciprocating tachycardia, 
227

Permanent pacing
in atrioventricular blocks, indications for, 

221t–222t
in chronic bifascicular block, indications for, 

220t
for hypertrophic cardiomyopathy, 159
in sinus node dysfunction, indications for, 

221t
PET. See Positron emission tomography.
Pharyngitis in Kawasaki’s disease, 477
Phase velocity mapping, 65
Phenotype, 603, 605b, 606f
Phenoxybenzamine for hypertensive crises,  

522
Phentermine, cardiovascular toxicity of, 

571–572, 572f
Pheochromocytoma, cardiovascular 

manifestations of, 521–522, 523f
Photoplethysmography in lower extremity 

arterial disease, 425–426
Physical activity. See also Athletes; Exercise.

definition of, 609
Physical examination, 8–13

cardiac auscultation in, 10–11, 12f
components of, 8–10, 10f
general inspection and vital signs in, 8, 9f

Physical fitness, definition of, 609
Pickwickian syndrome, 567–568
Pituitary gland disorders, cardiovascular 

manifestations of, 515–516, 516t

Plaque, fibrous, atherosclerotic. See 
Atherosclerotic plaque.

Plasmapheresis for dyslipidemias, 624
Platelet inhibitors for ST-elevation myocardial 

infarction, 117–118
Pleural pressure, 371, 372f
Pollution. See Air pollutants, cardiovascular 

effects of.
Polyarteritis nodosa, cardiac manifestations of, 

531
Polymorphic ventricular tachycardia, 

management and therapy for, 248
Polymorphism, 605b
Polymyalgia rheumatica, diagnosis of, 533
Polymyositis, cardiac manifestations of, 530, 

531f
Polyneuropathy, diphtheric, heart and, 513
Pompe’s disease, heart and, 511
Popliteal aneurysms, 424

clinical presentation of, 424
surgical treatment of, 424

Positron emission tomography, 26–27, 27f
in atherosclerosis, 591f
PET-CT and, 56
radiotracers for, 53

Postinfectious arthritis, cardiac manifestations 
of, 529

Potassium, serum, QT interval and, 36
PR interval, 32
Precordium, palpation of, 10
Prednisone for myocarditis, 185
Preeclampsia, 407f, 490f, 494, 496f
Pregnancy, 489–498

cardiovascular disease during
acute myocardial infarction as, 497
cardiomyopathy as, 495–496
diagnostic approach for, 491
differential diagnosis of, 491
eclampsia as, 494–495, 496f
future directions for, 497
hypertension as, 494–495, 495t, 496f
management and therapy for, 497
preexisting disease states and, 491–494
pulmonary edema as, induced by tocolytic 

therapy, 496–497
supraventricular tachycardia as, 231
unique to pregnancy, 494–497, 495t,  

496f
cardiovascular drugs and, 497
in congenital heart disease, 491–492, 492t
in Eisenmenger’s syndrome, 492
in heart failure, 494
labor and delivery and, physiologic changes 

during, 489
in Marfan’s syndrome, 492
normal, cardiac examination during, 490–491, 

491t
physiologic changes during, 489, 490f
postpartum physiologic changes and, 489
in pulmonary vascular disease, 492
toxemia of, 407f
in valvular Huntington’s disease, 492–494, 

493t
Premature atrial contractions, exercise testing in, 

476
Premature ventricular contractions

exercise testing in, 476
management and therapy for, 248–249

Preventive cardiology, 590–593, 592b
barriers to, 593b
future directions for, 593–594

Prior probability concept, 3
Procainamide for ventricular tachycardia, 

244–245
Propafenone for atrial fibrillation, 236–238

Propranolol
for coronary heart disease, 103
for supraventricular tachycardia, 230

Prosthetic valve(s)
first-generation, 353, 354f
during pregnancy, 494
second-generation, 353, 355f

Prosthetic valve endocarditis, 328
antimicrobial therapy for, 330t

Prosthetic valve replacement
algorithm for valve selection for, 356f
issues with, 355

Prosthetic valve stenosis, 350
pathophysiology of, 350
percutaneous valve replacement for, 350
valvuloplasty for, 350

Protease inhibitors, cardiovascular disease and, 
559, 572

Pseudoaneurysms with percutaneous coronary 
intervention, 124

Pseudomonas endocarditis, 327–328
Psoriatic arthritis, cardiac manifestations of, 529
Pulmonary artery atresia, coronary artery 

anomalies associated with, 485
Pulmonary artery band, 457
Pulmonary artery catheterization, 79. See also 

Right heart catheterization.
Pulmonary artery flow, increased, in congenital 

heart disease, 437–438, 437f
Pulmonary artery pressure, 541, 542b

estimation of, 542
measurement of, right heart catheterization 

for, 79
Pulmonary artery stenosis, balloon angioplasty 

for, 447–449, 450f
Pulmonary atresia, echocardiography in, 444, 

445f
Pulmonary capillary wedge pressure, 

measurement of, right heart 
catheterization for, 79

Pulmonary edema
as indication for revascularization, in 

atherosclerotic renal artery stenosis,  
411

induced by tocolytic therapy, 496–497
Pulmonary embolism, cardiac computed 

tomography to evaluate, 64
Pulmonary fibrosis, cardiac manifestations of, 

531–532
Pulmonary function testing in pulmonary 

hypertension, 543t
Pulmonary hypertension, 541–545

anticoagulation for, 534
arterial, 542b
associated with hypoxemia, 542b
clinical presentation of, 541–542, 543f
in congenital heart disease, diagnosis of, 437
in connective tissue diseases, 532
diagnostic approach for, 542, 543t–544t
differential diagnosis of, 542
due to chronic thrombotic or embolic disease, 

542b
etiology and pathogenesis of, 541, 542b
in HIV/AIDS, 557
management and therapy for, 542–545

optimum treatment and, 542–545
venous, 542b

Pulmonary thromboembolism, 545–550
clinical presentation of, 546
diagnostic approach for, 546–549, 546f–548f, 

549t
differential diagnosis of, 546
etiology and pathogenesis of, 545
future directions for, 550
management and therapy for, 549–550
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avoiding treatment errors and, 550
optimum treatment and, 549–550

Pulmonary valve replacement, percutaneous, 
335–336

complications and early results with, 336
indications for, 335
intermediate-term results with, 336
technique for, 336

Pulmonary valve stenosis, 321–322, 333–336
arrhythmias in, 470
clinical presentation of, 321
diagnostic approach for, 322
etiology and pathogenesis of, 321, 322f
exercise testing in, 475
infundibular, 460–462
management and therapy for, 322

balloon valvuloplasty in, 447, 448f
percutaneous balloon pulmonary 

valvuloplasty in, 333–335, 335f
percutaneous pulmonary valve replacement 

in, 335–336
pathophysiology of, 333, 334f
during pregnancy, 492–493

Pulmonary valvular atresia, 448f
Pulmonary valvuloplasty, balloon, percutaneous, 

333–335, 335f
indications for, 333
long-term results with, 334–335
short-term results and complications with,  

334
technique for, 333–334

Pulmonary vascular disease
as cardiac magnetic resonance imaging 

indication, 68
pathophysiology of, 435, 437f

Pulmonary vein(s), electrical isolation by 
radiofrequency catheter ablation, 284

Pulmonary vein stenosis, cardiac computed 
tomography to evaluate, 64

Pulmonic regurgitation, 322–323
clinical presentation of, 322–323
diagnostic approach for, 323
etiology and pathogenesis of, 322
future directions for, 323
management and therapy for, 323

Pulmonic valvuloplasty, percutaneous, for 
pulmonic stenosis, 322

Purulent pericarditis, 364f
PVD. See Peripheral vascular disease.

Q
QRS complex, 32–34, 34f

in ventricular tachycardia, 241–242, 243f
Quantum-Cor radiofrequency ablation, 349
Quinapril for heart failure, 192t
Quincke’s sign, 302t

R
Race, cardiovascular disease and, 601
Radial artery occlusion with percutaneous 

coronary intervention, 124
Radiation therapy, restrictive cardiomyopathy 

due to, 163–164
Radiofrequency ablation, 349

for sudden cardiac death prevention, 258
Radionuclide testing, 25–27, 27f
Radionuclide ventriculography. See 

Ventriculography, nuclear.
Radiotracers for cardiac stress imaging, 53–54
Ramipril

for coronary heart disease, 103
for heart failure, 192t

Rapid eye movement sleep, 563
RAS. See Renal artery stenosis.

Rash in Kawasaki’s disease, 477, 478f
Rate-dependent aberrant ventricular conduction, 

electrocardiographic criteria for, 33
Reactive systemic disease, 161
Recessive mutation, 605b
Refsum’s disease, heart and, 513
REM sleep. See Rapid eye movement sleep.
Renal artery revascularization, 409–410, 

410f–412f
indications for, in atherosclerotic renal artery 

stenosis, 410–411
Renal artery stenosis, 393, 405–412

clinical presentation of, 393, 405, 407f
diagnostic approach for, 393, 394f, 409,  

409f
differential diagnosis of, 405–409, 408f
etiology and pathogenesis of, 405, 406f
future directions for, 412
management and therapy for, 409–412

avoiding treatment errors and, 411–412
renal artery revascularization in, 409–410, 

410f–412f
natural history of, 405

Renal preservation as indication for 
revascularization in atherosclerotic renal 
artery stenosis, 411

Renal scans, captopril, in renal artery stenosis, 
393, 394f

Renin, 521
Renin inhibitors, direct, for hypertension,  

402
Renin-angiotensin-aldosterone system, 

cardiomyopathy and, 145
Repolarization, early, 35
Restenosis following percutaneous coronary 

intervention, 124
Restless legs syndrome, 568, 568b
Restrictive cardiomyopathy, 161–173

classification of, 162b
clinical presentation of, 164
constrictive pericarditis versus, 364–365
diagnostic approach for, 166–171, 167t

blood tests in, 166–167
cardiac catheterization in, 170–171
cardiac nuclear imaging in, 169–170
chest radiography in, 167
computed tomography in, 170
echocardiography in, 167–169, 168f,  

170f
electrocardiography in, 166
endomyocardial biopsy in, 171
magnetic resonance imaging in, 170

differential diagnosis of, 164–166
constrictive pericarditis physiology and, 

165–166, 166f
normal hemodynamics and, 164–165, 

165f–166f
restrictive cardiomyopathy physiology and, 

166, 166f
endomyocardial causes of, 162–164, 163f
etiology and pathogenesis of, 161–164, 162b
future directions for, 172–173
infiltrative causes of, 161–162
management and therapy for, 171–172

avoiding treatment errors and, 172
for diastolic heart failure, 171–172, 171b
optimum treatment and, 171–172

noninfiltrative causes of, 161, 162f
physiology of, 165–166, 166f
right heart catheterization in, 81t

Reteplase for ST-elevation myocardial 
infarction, 117–118

Retina, examination of, 8–9
Retroperitoneal hemorrhage with percutaneous 

coronary intervention, 124

Revascularization. See also Coronary artery 
bypass grafting; Percutaneous coronary 
intervention.

for atherosclerosis, 20–21
for heart failure, 190–191
for non–ST-elevation myocardial infarction, 

113
Reynolds Risk Score, 601
Rhabdomyomas, 536f, 536t

cardiac, 537
Rhabdomyosarcomas, 536f

cardiac, 538, 538t
Rheumatic disease

aortic regurgitation due to, 297, 298f
aortic stenosis due to, 289
mitral stenosis due to, 305, 341
pregnancy in, 492–493
tricuspid stenosis due to, 319

Rheumatoid arthritis, cardiac manifestations of, 
527–528, 528f, 528t–529t

Rheumatoid factor, elevation of, 533
Rheumatoid nodules, 528f
Rhythm control for atrial fibrillation, 236–239, 

238f
Right bundle branch block, electrocardiographic 

criteria for, 33
Right heart catheterization, 79–81

complications of, 80
contraindications to, 80
data obtained from, 80–81, 81t
future directions for, 83
indications for, 79, 80b

Right heart failure, 148, 149f
Right ventricular dysplasia, arrhythmogenic, 

hereditary, 176, 178f, 178t
Right ventricular failure, cardiogenic shock and, 

135–136, 137f
Right ventricular hypertrophy, 460–462
Right ventricular impulse, palpation of, 10
Right ventricular outflow tract ventricular 

tachycardia, management and therapy for, 
247–248

Risk factor modification for atherosclerosis,  
21

Ritonavir, cardiovascular disease and, 559
Ross procedure for aortic regurgitation, 303
Rubidium-82 chloride for PET, 53

S
St. Jude bileaflet valve, 353, 355f
Salmonella endocarditis, 327
Saphenous vein grafts

autologous, 427
obstructive disease in, percutaneous coronary 

intervention for, 128
Sarcoidosis

imaging for assessment of, 58
myocarditis due to, 181, 183f
restrictive cardiomyopathy due to, 161–162, 

162f
treatment of, 172
ventricular tachycardia in, management and 

therapy for, 247
Sarcomas, cardiac, 538

neurogenic, 538t
synovial, 538t

SCD. See Sudden cardiac death.
Scleroderma, cardiac manifestations of, 

528t–529t, 530, 532f
Secondhand tobacco smoke, 629–630
Selective serotonin reuptake inhibitors for 

neurally mediated syncope, 268
Septal ablation, alcohol, for hypertrophic 

cardiomyopathy, 159
Septal sinus shortening, percutaneous, 349

Pulmonary thromboembolism (Continued)
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Seronegative spondyloarthropathies, cardiac 
manifestations of, 529, 530f

Serositis in systemic lupus erythematosus, 
528–529

Shock
cardiogenic. See Cardiogenic shock.
vasodilatory, right heart catheterization in, 81t

Sick sinus syndrome, 215
Sildenafil

for erectile dysfunction, in hypertrophic 
cardiomyopathy, 159

for pulmonary hypertension, 544t
Single ventricle, echocardiography in, 445, 446f
Single-photon emission computed tomography

image interpretation and, 56, 56t, 57f
imaging protocols for, 55
SPECT-CT and, 56

Single-ventricle lesions, surgical treatment of, 
458–459

Single-ventricle malformation, exercise testing 
in, 475–476

Sinoatrial exit block, 215, 217f
Mobitz type I (Wenckebach), 215–218, 218f
Mobitz type II, 215–218, 218f

Sinus arrest, 215, 217f
Sinus bradycardia, inappropriate, 215
Sinus node, depolarization of, 31
Sinus node dysfunction, 215

inappropriate sinus bradycardia and, 215
permanent pacing in, indications for, 221t
sinoatrial exit block and, 215, 217f
sinus arrest and, 215, 217f
tachy-brady syndrome and, 215

Sinus venosus defects, 452f
surgical treatment of, 459–460, 461f

SLE. See Systemic lupus erythematosus.
Sleep apnea

central, 567
obstructive. See Obstructive sleep apnea.

Sleep deprivation, 563
Sleep disorders, 563–569

breathing disorders as, 563–568, 564b
cardiovascular medications and, 568
future directions for, 568
normal sleep physiology and, 563
restless legs syndrome as, 568, 568b
sleep length and health and, 563

Slow-fast tachycardia, 223
Smeloff-Cutter valve, 353, 354f
Smoking cessation for coronary heart disease, 

100–101
Smooth muscle cells, atherosclerotic 

pathogenesis and, 15–17
Socioeconomic status, cardiovascular disease 

and, 601
Sotalol

for atrial fibrillation, 236–239
for premature ventricular complexes, 248–249
for ventricular tachycardia

in dilated cardiomyopathy, 247
nonsustained, 248

SPECT. See Single-photon emission computed 
tomography.

“Spike-and-dome” pulse pattern in hypertrophic 
cardiomyopathy, 157

Spin echo imaging for cardiac magnetic 
resonance imaging, 65

Spironolactone
for dilated cardiomyopathy, 151–152
for heart failure, 192t
for hereditary cardiomyopathy, 179
for restrictive cardiomyopathy, 171–172

Spondyloarthropathies, seronegative, cardiac 
manifestations of, 529, 530f

Sports. See Athletes.

Springwater cysts, 537
Squatting in cardiac examination, 13f
ST segment, 34–35
Standing in cardiac examination, 13f
Staphylococcal endocarditis, 326

antimicrobial therapy for, 330t
Starr-Edwards valve, 353, 354f
Statins, 620–624, 621f, 623f

for atherosclerosis, 21
for myocardial infarction prevention, 121
for ST-elevation myocardial infarction, 

117–118
ST-elevation myocardial infarction, 115–121

clinical presentation of, 115, 116f
diagnostic approach for, 116–117

cardiac markers in, 116–117
echocardiography in, 117
electrocardiography in, 116, 117f
radiography in, 117

differential diagnosis of, 115
etiology and pathogenesis of, 115, 116f
future directions for, 121
management and therapy for, 117–121

adjunctive therapy in, 119–120
avoiding treatment errors and, 119
for hemodynamic disturbances and 

arrhythmias, 120–121
optimum treatment and, 117–119, 

118f–120f
secondary prevention and, 121

Stem cells, atherosclerotic pathogenesis and, 17
STEMI. See ST-elevation myocardial infarction.
Stenting

of carotid artery, 413
coronary artery bypass grafting compared 

with, 104
for lower extremity peripheral artery disease, 

416
to prevent restenosis, following percutaneous 

coronary intervention, 124
for ST-elevation myocardial infarction, 

117–119, 119f
Steroids

anabolic, 556
corticosteroids as, for hypereosinophilic 

syndrome, 172
Stokes-Adams syndrome, 262–263
“Strawberry tongue” in Kawasaki’s disease, 477
Streptococcal endocarditis, antimicrobial therapy 

for, 330t
Streptokinase for ST-elevation myocardial 

infarction, 117–118
Stress echocardiography, screening for coronary 

artery disease using, 89
Stress myocardial perfusion imaging, 26
Stress testing

exercise. See Exercise stress testing.
risk of, 130

Stress-induced cardiomyopathy, 207–211, 208f
diagnostic approach for, 208–210

biomarkers in, 209
cardiac catheterization in, 209, 209f
cardiac magnetic resonance imaging in, 210
electrocardiography in, 208
endomyocardial biopsy in, 210
transthoracic echocardiography in, 209–210

differential diagnosis of, 207–208
etiology and pathogenesis of, 207
future directions for, 210
management and therapy for, 210

avoiding treatment errors and, 210
optimum treatment and, 210

Stroke
cardioembolic, interventional approaches for, 

413–414, 417f

carotid artery stenosis and, interventional 
approaches for, 413, 414f

cerebral arterial occlusive disease and, 
interventional approaches for, 413

in older adults, 503–504, 504f
Subaortic stenosis

fibrous, 156f
hypertrophic, 155, 156f

Subclavian stenosis, endovascular therapy for, 
414

Substance abuse, 553–556, 554f
of alcohol, 553–555, 554f
among athletes, 556
of cocaine, 554f, 555
future directions for, 556
of intravenous drugs, 554f, 555
of narcotics, 555–556
of tobacco, 553, 554f

Sudden cardiac death, 251–260, 252b, 252f
as atherosclerosis presentation, 18
in athletes, 575–585

avoiding treatment errors and, 582f, 583
causes of, 575–579
diagnostic approaches for, 580–583
future directions for, 583
structural changes of heart as result of 

intense training and, 578f, 579–580
diagnostic approach for, 256
differential diagnosis of, 251–256
etiology of, 251, 253f
future directions for, 259
management and therapy for, 258–259

avoiding treatment errors and, 259
implantable cardioverter-defibrillator trials 

in, 256–258, 257t
optimum treatment and, 258–259, 258b

risk factors for, 251
in young athletes, 256

Sulfur dioxide, cardiovascular effects of, 630
Supraventricular tachycardia, 223–231

clinical presentation of, 223
differential diagnosis of, 223–229

atrial tachycardia and, 228–229, 229f
atrioventricular nodal reentrant tachycardia 

and, 223–225, 224f–226f
atrioventricular reentrant tachycardia and, 

225–228, 227f–228f
etiology and pathogenesis of, 223
future directions for, 231
management and therapy for, 229–231

avoiding treatment errors and, 231
optimum treatment and, 229–231, 230f

in pregnancy, 231
prognosis of, 231
in special populations, 231

Surgical ablation for atrial fibrillation, 238f, 239
SVR. See Systemic vascular resistance.
SVT. See Supraventricular tachycardia.
Swan-Ganz catheter, 79. See also Right heart 

catheterization.
SynCardia CardioWest, 203, 203t
Syncope, 261–269

with aortic stenosis, 289–290
cardiac arrhythmias causing, 261, 262t
cardiac outflow obstruction causing, 261,  

262t
cerebrovascular disorders causing, 262, 262t
clinical presentation of, 262–263, 264b
diagnostic approach for, 264–267, 265f
differential diagnosis of, 263–264
etiology and pathogenesis of, 261–262, 

263f–264f
future directions for, 268
history of, 7b, 8

Stroke (Continued)
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management and therapy for, 267–268
avoiding treatment errors and, 268
optimum treatment and, 267–268
for special populations, 268

neurally mediated (vasovagal), 261, 262t, 263f
treatment of, 267–268

orthostatic hypotension causing, 261, 262t, 
264f

risk assessment for, 267, 267t
Syndrome of inappropriate antidiuretic 

hormone, cardiovascular manifestations 
of, 516

Systemic lupus erythematosus
cardiac manifestations of, 528–529, 528t–529t, 

531–532
drug-induced, 533
treatment of, 534

Systemic vascular resistance
measurement of, right heart catheterization 

for, 80
during pregnancy, 489

Systolic heart failure. See also Dilated 
cardiomyopathy.

etiology and pathogenesis of, 187, 188f

T
T wave, 34–35
Tachy-brady syndrome, 215
Tachyphylaxis, nitrate therapy and, 103
Takayasu’s arteritis, cardiac manifestations of, 

531
Takotsubo cardiomyopathy, 207. See also 

Stress-induced cardiomyopathy.
Tamponade. See Pericardial tamponade.
Technetium-99m for cardiac stress imaging, 

53–54
TEE. See Transesophageal echocardiography.
Temporal artery biopsy in giant cell arteritis, 

533
Tenecteplase for ST-elevation myocardial 

infarction, 117–118
Teratomas

cardiac, 536t
malignant, cardiac, 538t

Tetralogy of Fallot, 435f, 483f
arrhythmias in, 465, 467f, 471t
coronary artery anomalies associated with, 485
echocardiography in, 444, 444b, 445f
exercise testing in, 475
surgical treatment of, 460–462, 462f

Thallium-201 for cardiac stress imaging, 53–54
Thiazide diuretics for hypertension, 401–402, 

403t
Thienopyridines for non–ST-elevation 

myocardial infarction, 111–112
Thoracic aneurysms, 424

clinical presentation of, 424
surgical treatment of, 424

Thoracic outlet syndrome, endovascular therapy 
for, 415

Thoratec implantable ventricular assist devices, 
203, 203t

Thoratec paracorporeal ventricular assist devices, 
203, 203t

Three-dimensional echocardiography, 25
Thrombi, removal of, with percutaneous 

coronary intervention, 126
Thrombin inhibitors, direct, for non–ST-

elevation myocardial infarction, 111
Thromboangiitis obliterans, peripheral vascular 

disease and, 389
Thromboembolism

prevention of, with atrial fibrillation, 236,  
237f

pulmonary. See Pulmonary thromboembolism.
Thrombolysis in Myocardial Infarction scale, 71
Thrombolytic therapy for ST-elevation 

myocardial infarction, 117–118
Thrombosis with percutaneous coronary 

intervention, 123
Thrombotic endocarditis, nonbacterial, in HIV/

AIDS, 558
Thymomas, cardiac, 538t
Thyroid disorders, cardiovascular manifestations 

of, 516–519
Thyrotoxicosis, amiodarone-induced, 518
TIMI scale, 71
Tipranavir, cardiovascular disease and, 559
Tobacco smoke, secondhand, 629–630
Tobacco use, 553, 554f
Tocolytic therapy, pulmonary edema induced 

by, 496–497
Torsemide for restrictive cardiomyopathy, 

171–172
Total anomalous pulmonary venous return

echocardiography in, 444
surgical treatment of, 462

Toxin-induced neuropathies, heart and, 513
Trandolapril for heart failure, 192t
Transesophageal echocardiography, 24, 24f, 46

in congenital heart disease, 441
in constrictive pericarditis, 375
in infective endocarditis, 328, 329f
limitations of, 48
positions for, 25f

Transient left ventricular apical ballooning. See 
Stress-induced cardiomyopathy.

Transposition of the great arteries, 483f
D-transposition as

arrhythmias in, 465, 468f, 471t
coronary artery anomalies associated with, 

484f, 485
echocardiography in, 443–444
exercise testing in, 475
L-transposition as, arrhythmias in, 470, 471t
repair of, technique for, 434f
surgical treatment of, 462, 463f, 484f

Transthoracic echocardiography. See 
Echocardiography, transthoracic.

Trastuzumab, cardiovascular toxicity of, 571
Traube’s sign, 302t
Treadmill stress testing. See Exercise stress 

testing.
Treprostinil for pulmonary hypertension, 544t
Triangle of Koch, anatomy of, 280f
Tricuspid annuloplasty for tricuspid stenosis, 

321
Tricuspid atresia

arrhythmias in, 465–467, 468f, 471t
surgical treatment of, 458

Tricuspid regurgitation, 319–321
clinical presentation of, 320
diagnostic approach for, 320–321
etiology and pathogenesis of, 319–320
management and therapy for, 321

Tricuspid stenosis, 319, 323, 349–350
clinical presentation of, 319, 320f
differential diagnosis of, 319, 320b
etiology and pathogenesis of, 319
management and therapy for, 319
pathophysiology of, 349–350
percutaneous catheter-based therapy for

indications for, 350
procedure and results with, 350

Tricuspid valve repair, 355
Tricuspid valve replacement, percutaneous, 350
Tricyclic antidepressants, hypertensive crisis due 

to, 522

Trifascicular block, 219–220
Triglycerides, 619. See also Dyslipidemias.

elevation of, therapy for, 104
Troponins I and T, 25–27

in non–ST-elevation myocardial infarction, 
110–111, 110f

in ST-elevation myocardial infarction, 
116–117

in stress-induced cardiomyopathy, 209
Trousseau’s sign in hypokalemia alkalosis, 522f
Truncus arteriosus, surgical treatment of, 

462–463, 463f
TTE. See Echocardiography, transthoracic.
Tuberculous pericarditis, 364f
Tumor(s)

adrenal medullary, cardiovascular 
manifestations of, 521–522, 523f

cardiac. See Cardiac tumors.
Tumor necrosis factor-α inhibitors, cardiac 

pathology associated with, 531
T-wave alternans in syncope, 267

U
U wave, 35, 35f
Ultrasound

in abdominal aortic aneurysms, 395
Doppler. See Doppler imaging.
duplex

in carotid artery disease, 392, 392f
in lower extremity peripheral vascular 

disease, 390, 390f
handheld devices for, 46
intravascular, 48

for acute coronary syndromes risk 
detection, 92–93, 93f

with percutaneous coronary intervention, 
126, 127f

venous, in pulmonary thromboembolism, 549
Unfractionated heparin for ST-elevation 

myocardial infarction, 120
United Network for Organ Sharing, 197–198
United States Preventive Service Task Force 

screening guidelines, 87f, 89–91, 90t

V
VADs. See Ventricular assist devices.
Valsalva’s maneuver in cardiac examination, 13f
Valsartan for heart failure, 192t
Valvotomy

balloon, for aortic stenosis, 294
mitral, open, for mitral stenosis, 309

Valvular evaluation, cardiac computed 
tomography for, 63–64

Valvular heart disease. See also specific conditions.
as cardiac magnetic resonance imaging 

indication, 67–68
chest radiography in, 42
clinical presentation of, 354
diagnostic approach for, 354
differential diagnosis of, 354
dilated cardiomyopathy and, 145
etiology and pathogenesis of, 353–354
heart failure due to, 187
in older adults, 503
percutaneous catheter-based therapy for, 

333–351
for aortic valve stenosis, 336–341
for bioprosthetic valve stenosis, 350
for mitral valve regurgitation, 345–349
for mitral valve stenosis, 341–345
for pulmonary valve stenosis, 333–336
for tricuspid valve stenosis, 349–350

pregnancy in, 492–494, 493t
of prosthetic valves. See Prosthetic entries.
in rheumatoid arthritis, 527, 528t
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surgical treatment of, 353–358
for aortic valves, 355, 356f
avoiding treatment errors and, 355–357
first-generation prosthetic valves for, 353, 

354f
future directions for, 357
minimally invasive techniques for, 355–357, 

357f
for mitral and tricuspid valves, 355, 356f
optimum treatment and, 354–355, 356f
second-generation prosthetic valves for, 

353, 355f
in systemic lupus erythematosus, 529
transthoracic echocardiography in, 45

Valvular obstruction from cardiac tumors, 535
Valvuloplasty

balloon, 447
for aortic stenosis, 447, 449f
for pulmonary stenosis, 447, 448f

percutaneous, for mitral stenosis in older 
adults, 503

Vancomycin for infective endocarditis, 330t
Vascular examination, 9, 10f
Vasculature, age-related changes in, 500–502, 

501f
Vasculitis. See also Kawasaki’s disease.

cardiac manifestations of, 530–531
drug-induced, 533

Vasculogenesis, 387–388
Vasodilators for aortic regurgitation, 302
Vasodilatory shock, right heart catheterization 

in, 81t
Vasoreactivity, coronary artery disease and, 97
Vasovagal syncope, 261, 262t, 263f

treatment of, 267–268
Venous pulses in cardiac examination, 10f
Ventilation/perfusion scans in pulmonary 

hypertension, 543t
Ventilatory anaerobic threshold, 474–475
Ventricular assist devices, 201–205, 203t, 204f

for dilated cardiomyopathy, 152
future directions for, 205
for hereditary cardiomyopathy, 179–180
results with, 204–205

Ventricular dyssynchrony, assessment of, 59
Ventricular ectopic beats, aging and, 500
Ventricular fibrillation in hypertrophic 

cardiomyopathy, sudden cardiac death 
and, 575

Ventricular function, evaluation of, as cardiac 
magnetic resonance imaging indication, 
65–66, 66f

Ventricular preexcitation, electrocardiographic 
criteria for, 33

Ventricular rate, control of, for atrial fibrillation, 
235–236

Ventricular septal defect. See also Tetralogy of 
Fallot.

arrhythmias in, 467–468, 471t
echocardiography in, 442, 443f
surgical treatment of, 459, 460f
transcatheter closure of, 454, 454f

Ventricular septal rupture, cardiogenic shock 
and, 136

Ventricular tachycardia, 241–249
catheter ablation of, 284–285

macroreentrant, 285
clinical presentation of, 242–244
diagnostic approach for, 244
differential diagnosis of, 241–242
electrocardiography in, 38f, 241–242, 

243f–244f
etiology and pathogenesis of, 241, 242f
future directions for, 249
in hypertrophic cardiomyopathy, sudden 

cardiac death and, 575
idiopathic, catheter ablation of, 285
left, idioventricular, management and therapy 

for, 248
macroreentrant, catheter ablation of, 285
management and therapy for

for accelerated idioventricular rhythm, 248
acute, 244–245, 245f
avoiding treatment errors and, 245
longer-term, 245–249, 246f
for monomorphic ventricular tachycardia, 

246–248
for nonsustained ventricular tachycardia, 

248
for polymorphic ventricular tachycardia, 

248
for premature ventricular complexes, 

248–249
monomorphic, management and therapy for, 

246–248
nonsustained, management and therapy for, 

248
polymorphic, management and therapy for, 

248

Ventriculography, nuclear, in dilated 
cardiomyopathy, 150

Verapamil
for atrial fibrillation, 235–236
for ventricular tachycardia, idioventricular, 

248
Vessel wall stiffness, age-related changes in, 

500–501, 501f
Viacor PTMA, 345–347, 347f
Viral infections, dilated cardiomyopathy and, 

147–148, 148f
Virchow’s triad, 545
Visceral artery disease, 427–428

clinical presentation of, 427–428
surgical treatment of, 428

V/Q lung scanning in pulmonary 
thromboembolism, 547–549

VSD. See Ventricular septal defect.
VT.  See Ventricular tachycardia.

W
Walker-Murdoch wrist sign in Marfan’s 

syndrome, 9f, 299f
Warfarin during pregnancy, 494
Water-bottle heart, 379
Weight reduction for coronary heart disease, 

101–102
“Wells Prediction Rules,” 546, 549t
Wenckebach block, 215–218, 218f
William’s syndrome, peripheral vascular disease 

and, 389
Wilson’s central terminal, 31
Wolff-Parkinson-White syndrome

catheter ablation for, 280–281
exercise testing in, 476
prognosis of, 231
sudden cardiac death in, 256
treatment of, 230

Women
cardiovascular disease in, 599–601, 600f
coronary heart disease symptoms in, 599,  

600f
exercise and, 611

WPW. See Wolff-Parkinson-White syndrome.
WPW pattern, 225–226, 227f

X
Xanthomatosis, hypercholesterolemic, 100f

Valvular heart disease (Continued)
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