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Series Introduction

Taylor & Francis Group has focused on the development of various series of beautifully

produced books in different branches of medicine. These series have facilitated the

integration of rapidly advancing information for both the clinical specialist and the

researcher.

My goal as editor-in-chief of the Fundamental and Clinical Cardiology Series is to

assemble the talents of world-renowned authorities to discuss virtually every area of

cardiovascular medicine. In the current monograph, Drs. Baughman and Baumgartner

have edited a much-needed and timely book that focuses on the cardiovasular pandemic of

advanced heart failure. Future contributions to this series will include books on molecular

biology, interventional cardiology, and clinical management of such problems as coronary

artery disease and ventricular arrhythmias.

Samuel Z. Goldhaber, MD

Professor of Medicine

Harvard Medical School

Boston, Massachusetts, U.S.A.
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Foreword

The incidence of congestive heart failure, an increasingly prevalent condition due to our

aging population and myocardial-salvaging therapy, will rise dramatically over the next

several decades. Recognition and treatment of this disorder has become more complicated.

Much like interventional cardiology and electrophysiology, heart failure and heart

transplantation have evolved into a distinct sub-discipline of cardiovascular medicine.

As with any rapidly advancing field of investigation and care, preparation of a

definitive text that outlines the scope of the problem and reviews medical, device, and

surgical management for both the adult and pediatric population presents a considerable

challenge. Nonetheless, Treatment of Advanced Heart Disease, edited by Dr. Kenneth L.

Baughman and Dr. William A. Baumgartner, accomplishes this mission. The book

provides its audience with currently available and near-term future therapies for treatment

of heart failure. Contributors include leading experts in their fields, many current members

or former faculty and trainees of the cardiovascular sections of the Brigham and Women’s

Hospital, The Johns Hopkins Hospital, and Massachusetts General Hospital.

Treatment of Advanced Heart Disease represents a welcome addition to the medical

literature as a single-source compilation. Given its focus on the growing population of

individuals with advanced stages of heart failure and its emphasis on practical clinical

management issues, this volume provides practitioners with a ready guide for their daily

practices. The editors and authors merit congratulations for their successful efforts to

provide this timely reference.

Peter Libby, MD

Mallinckrodt Professor of Medicine and

Chief, Cardiovascular Division

Brigham and Women’s Hospital

Boston, Massachusetts, U.S.A.
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Preface

Congestive heart failure affects approximately five million people in the United States, with

over 500,000 new cases per year, and is the most common diagnosis-related group for

hospitalizations of patients over 65 years of age. As the population ages, and as thrombolitic

therapy and other interventions prolong the lives of patients with heart disease, the number

of patients with congestive heart failure is increasing dramatically.

As patients’ heart dysfunction advances, they require a proportionate response,

including increased medical therapy, insertion of devices, and occasionally surgical

therapy, in their management.

As a result, the number of physicians caring for this group of patients will also

expand beyond the capability of heart failure specialists and cardiologists. Additional

physicians, nurse practitioners, and physicians assistants will be needed to care for this

population, including those in general internal medicine, general practitioners, general

pediatricians, and surgical specialties who will be responsible for these patients

intermittently before and after surgical intervention. Physicians caring for the patients

will need a compendium of current management options and some sense of the new and

experimental therapies soon to be available.

This book is meant to serve as a single-source guide to the care of patients with

heart failure. The text begins with an overview of the current heart failure population

and anticipated growth in the future. The authors guide the clinician through a

consideration of the causes of advanced heart disease, in particular an algorithm for newly

diagnosed patients to guide the assessment of potentially reversible etiologies. Medical

management is considered from the most fundamental of interventions, including diet and

exercise, to a consideration of the appropriate use of diuretics, afterload reduction therapy,

and beta-blockers. The use of statin therapy in ischemic and nonischemic dilated

cardiomyopathy is considered. The appropriate treatment of both superventricular and

ventricular arrhythmias is addressed. Intravenous inotropes are considered as a bridge to

more definitive therapy with careful assessment of the risks and benefits of this form of

treatment.

The appropriate use of biventricular pacing and selection of candidates for implant-

able cardioverter defibrillators are addressed utilizing the most recently published data.

Less frequently considered but equally important device therapies, including external and

internal counterpulsation and treatment of sleep-disordered breathing, are considered to

complete the evaluation of currently available device therapy.

No text on the management of advanced heart disease would be complete without

consideration of surgical therapy, particularly heart transplantation. In view of the limited

number of patients who will receive heart transplantation in the United States, all other
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surgical options are considered. These include high-risk revascularization, valve

replacement or repair, ventricular reconstruction, and laser therapy. In addition, bridge

and destination utilization of all forms of ventricular assist devices and total artificial

hearts receive consideration in this comprehensive yet easy-to-understand book.

In addition to cutting-edge application of currently available therapy, the text

explores the potential therapies of the future. These include cell therapy, gene therapy,

genetics and heart failure, new drugs, new devices, and new surgical approaches. These

sections will place the reader in the advantageous position of having awareness of

therapies that will be introduced in the next three to five years. Unique to this text is the

attention given to the management of the pediatric patient, including medical, device, and

surgical therapies in patients less than 18 years of age.

Of special importance are sections dealing with the education and counseling of

patients with heart failure and their families. This includes appropriate determination of

prognosis and end-of-life issues.

The book provides readers with exposure to all of the currently available and near-

term future therapies for patients with progressive heart failure. Readers have not only

currently available therapy, but also a practical algorithm of management options and when

each form of therapy is utilized in the care of an individual patient. Although all inclusive,

the text is succinct, organized, readable, and provides the consumer with a single source for

complete management of the most straightforward to the most difficult patients.

This book was written to have appeal to internists, cardiologists, cardiology fellows,

general practitioners, cardiac surgery residents, cardiac surgery attendees, and pediatric

cardiovascular specialists. As noted above, the book is also of interest to an expanded

group of physicians who will have initial or intermittent responsibility for this patient

population, including general practitioners, general pediatricians, and non-cardiovascular

surgeons.

Kenneth L. Baughman

William A. Baumgartner
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PART I: ETIOLOGY AND EPIDEMIOLOGY

1
Epidemiology and Prognosis in Chronic
Heart Failure

G. William Dec
Cardiology Division, Massachusetts General Hospital, Boston, Massachusetts, U.S.A.

INTRODUCTION

Heart failure is the only common cardiovascular disease in the United States that has a

rising incidence and prevalence (Fig. 1) (1–3). The latest statistics from the American Heart

Association estimate that approximately 4.9 million Americans have this disorder (1). The

current incidence of disease is estimated to exceed 400,000 new symptomatic cases per

year, directly accounting for over 250,000 deaths annually (Fig. 2) (1,4). Between 1.5% and

2% of the U.S. population has symptomatic heart failure and its prevalence is estimated to

be 6%–10% over the age of 65 yr (5). Using the Framingham Heart Study cohort, Lloyd-

Jones et al. determined the life-time risk of developing heart failure for men and women

free of overt disease at age 40 yr to approximate 20% (Fig. 3) (6). There is a marked age-

dependence in heart failure incidence and prevalence with elderly patients being

disproportionately affected by the disease (Fig. 4) (7–9). The increased ability to identify

asymptomatic left ventricular dysfunction and its progressive nature recently led to a

“redefinition” of heart failure by the American College of Cardiology/American Heart

Association consensus guidelines (4). The new ACC/AHA re-classification emphasizes the

large number of “at risk” patients and encourages physicians to implement treatment

strategies similar to those utilized for asymptomatic patients with risk factors for coronary

artery disease. Patients in stage A (high risk for heart failure but without structural heart

disease) and stage B (structural heart disease without overt heart failure symptoms) are an

increasingly important focus for identification and treatment (Fig. 5). A variety of studies

have demonstrated that the prevalence of asymptomatic left ventricular dysfunction in the

community setting ranges from 1% to 2.4% (Table 1) (10–11).

ASYMPTOMATIC LEFT VENTRICULAR DYSFUNCTION

The new treatment paradigm emphasizes the pharmacologic management of stage

B disease. Impaired left ventricular contractile function leads to early activation of both

sympathetic and neurohormonal systems that promote adverse ventricular remodeling

(Fig. 6) (12). The process of remodeling alters ventricular geometry as well as myocyte

and extracellular matrix composition and contractile function. As compensatory

1



mechanisms fail, the disease progresses and mortality ensues. Additional data from the

Framingham Heart Study cohort demonstrate the lethal nature of asymptomatic LV

dysfunction over time (Fig. 7) (10). Overall, 10-yr survival following initial diagnosis was

surprisingly poor at 35% for asymptomatic patients whose LV ejection fractions fell

between 40% and 50%; survival averaged only 25% when LVEF was below 40%. Hence,

future reductions in heart failure mortality and morbidity will rest heavily upon the early

identification of impaired cardiac function and the implementation of life-long preventive

strategies before symptoms and signs of heart failure develop (12–15).

The clinical significance of asymptomatic diastolic dysfunction is just beginning to

be recognized. Using echocardiographic screening techniques that focus upon transmitral

Doppler flow patterns, several community-based studies have reported a prevalence

of 20% with diastolic dysfunction among the general population.(11,16) As with

asymptomatic LV systolic dysfunction, asymptomatic diastolic dysfunction also portends

a worse prognosis (Fig. 8) (11). However, given the difficulties of screening large

populations of asymptomatic individuals and the load-dependent nature of most
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Figure 1 Evolving profile of deaths resulting from coronary heart disease and chronic heart failure

in the United States from 1978 to 1996. Source: Adapted from Ref. 3.

Figure 2 Epidemiology of chronic heart failure in the United States. Source: Adapted from Ref. 1.
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echocardiographic measures of diastolic dysfunction, it is not yet clinically advisable to

consider general population screening for this disorder.

RISK FACTORS FOR HEART FAILURE DEVELOPMENT

Hypertension

Data from the Framingham Heart Study have stressed the very strong association between

hypertension and heart failure. Levy et al. recently examined the progression

from hypertension to heart failure using data from Framingham subjects between 1970

and 1988 (17). In this study, 91% of subjects who developed overt heart failure had

antecedent hypertension. Adjusting for age and other known risk factors, multivariate

analysis revealed the hazard ratio for heart failure development was two-fold greater in

Figure 3 Cumulative risk of heart failure at selected index ages for men and women. Lifetime risk

of heart failure for a given index age is cumulative risk through age 94. Source: Adapted from Ref. 6.

Figure 4 Incidence of heart failure by age and sex: 36-yr follow-up of the Framingham Study.

Source: Adapted from Ref. 9.
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hypertensive men and three-fold greater in hypertensive women compared with their

normotensive (BP!140/90 mm/Hg and not receiving any hypertensive therapy)

counterparts. Simply analyzing hypertension using a static model does not account for

progression from a normotensive state to a hypertensive one prior to the development of

overt heart failure. When time-dependent dynamic models were utilized, which allowed

re-classification of hypertension and other risk factors at periodic examinations prior to the

development of heart failure, the hazard ratio for heart failure increased to almost three-

fold for men and six-fold for women (17). It is important to note that heart failure risk is

largely associated with systolic hypertension; diastolic blood pressure elevation

contributes little (18). Ongoing studies are examining the role of pulse pressure as an

independent risk factor for heart failure development.

A useful concept is the population-attributable risk (PAR), which indicates the

proportion of cases in a population that may be attributed to the presence of a given risk

factor (7). The PAR takes into account both the relative risk of disease conferred by the

factor itself and the prevalence of that factor. Therefore, risk factors with very high relative

risk for disease may have a low PAR value if they are rarely encountered in the population.

Conversely, risk factors with only moderately elevated relative risk can have a very high

PAR value if they are commonly observed. The latter case holds for hypertension: although

the age- and risk factor-adjusted hazard ratio for heart failure with hypertension is 2.07

Figure 5 Staging system for heart failure as proposed by American College of Cardiology and

American Heart Association guidelines on heart evaluation and management. Source: Adapted from

Ref. 4.

Table 1 Prevalence of Asymptomatic Left Ventricular Systolic Dysfunction in the Community

Author Prevalence Age range

McDonagh et al. 1.0% 25–74 yr

Mosterd et al. 2.2% O55 yr

Deveaux et al. 2.1% 45–74 yr

Davies et al. 0.9% O45 yr

Gottdiener et al. 2.4% O55 yr

Levy et al. 2.2% mean 69 yr

Redfield et al. 1.1% O44 yr

Left ventricular ejection fraction!40%.
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(95% CI, 1.34–3.20) for men and 3.35 (95% CI, 1.67–6.73) for women, the PAR value of

heart failure associated with hypertension is 39% for men and 59% for women (17). These

PAR values are higher than those for any other risk factor for heart failure, which is largely

due to the high prevalence of hypertension in the population (Fig. 9).

Coronary Heart Disease

Myocardial infarction confers the highest relative risk of any predisposing factor for the

development of symptomatic heart failure, with multivariate-adjusted hazard ratios of 6.34

(95% CI, 4.61–8.72) for men and 6.01 (95% CI, 4.37–8.28) for women (7,17).
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Median Plasma Norepinepherine
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Figure 6 Neurohormonal activation in asymptomatic and symptomatic heart failure. Data are

obtained from the Studies of Left Ventricular Dysfunction (SOLVD) Prevention (asymptomatic

cohort) and Treatment (symptomatic cohort) trials. Source: Adapted from Ref. 64.

Figure 7 Kaplan–Meier curves for survival. Referent group consists of subjects with normal left

ventricular systolic function (LVEFO50%) and no history of heart failure. Mild ALVD indicates

asymptomatic left ventricular dysfunction (EF 40% to 50%). Moderate/severe ALVD consists of

asymptomatic subjects with LVEF!40%. Systolic CHF, overt heart failure with LVEF!50%.

Source: Adapted from Ref. 10. Abbreviations: ALVD, asymptomatic left ventricular dysfunction;

CHF, chronic heart failure; LVEF, left ventricular ejection fraction.
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Nonetheless, because of its lower prevalence compared with hypertension in the

community, myocardial infarction carries a lower PAR value for heart failure, at 34% in

men and 13% in women. When angina pectoris in the absence of myocardial infarction is

also included, the PAR values for these combined manifestations of ischemic heart disease

increase to 39% and 18% for men and women, respectively (17), still lower than the PAR

values for hypertension alone.
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     Mild 371 366 361 246   122                           8
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Figure 8 Mortality associated with varying degrees of diastolic dysfunction in the community.

Extent of diastolic dysfunction is based upon transmitral Doppler filling patterns. Patients are

stratified by normal, mild, or moderate/severe filling pattern. Source: Adapted from Ref. 11.

Figure 9 Population-attributable risk (PAR) of heart failure for selected risk factors in men

(black) and women (cross-hatched). The multivariate-adjusted hazard ratios for the development of

heart failure over 18 yr of serial follow-up and the prevalence of each risk factor at the baseline

examination are also shown. Abbreviations: AP, angina pectoris (in the absence of myocardial

infarction); DM, diabetes mellitus; HTN, hypertension; LVH, left ventricular hypertrophy; MI,

myocardial infarction; VHD, valvular heart disease; M, men; W, women. Source: Adapted from

Ref. 17.
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In contrast to these population-based findings, more recent data derived largely from

clinical trials suggest that ischemic heart disease is the most common contemporary cause

of heart failure (Table 2) (3). Data from the Studies of Left Ventricular Dysfunction

(SOLVD) registry determined that 69% of patients had ischemic heart disease as the

primary cause of heart failure (18). In this study, a history of hypertension was only

observed in 43% of patients. As summarized by Gheorghiade and Bonow, numerous

mechanisms account for the important role of coronary artery disease in the promulgation

of heart failure (19). Differences in patient populations and follow-up methods between

the Framingham Heart Study and the SOLVD registry probably account for these

discrepant findings. SOLVD registry patients were typically identified from hospital

records which potentially favored ischemic heart disease as a cause. Conversely, serial

observations and direct determination of blood pressure in the Framingham cohort may

have increased the likelihood of detecting hypertension, especially when compared with a

clinical trial population. Finally the association between hypertension and increased risk

of coronary heart disease are well known. Thus, hypertension is likely to remain an

important precursor of heart failure, either as a sole factor or in conjunction with coronary

artery disease (3).

Valvular Heart Disease

Valvular heart disease (particularly aortic stenosis and mitral regurgitation) confer a

greater than two-fold adjusted risk for developing heart failure, and a PAR of 7%–8% (17).

Mitral valve prolapse does not appear to confer an increased risk of heart failure

development (7).

Left Ventricular Hypertrophy and Dilatation

Left ventricular hypertrophy is a common sequelae of longstanding hypertension, valvular

heart disease, and inherited forms of hypertrophic cardiomyopathy. Even after controlling

for hypertension and other risk factors, electrocardiographic evidence of LVH is

associated with a greater than two-fold risk of heart failure, and a PAR value of

approximately 5% in men and women (17).

Left ventricular dilatation is also associated with an increased risk of developing

symptomatic heart failure. Cardiomegaly on chest film has been shown by multivariate

risk modeling to increase the risk of heart failure by two-fold in men and women (20).

Table 2 Common Causes of Left Ventricular Systolic Heart Failure

Coronary artery disease

Hypertension

Valvular heart disease

Familial/genetic cardiomyopathy

Myocarditis

Toxins (alcohol, chemotherapy, cocaine)

Collagen vascular disease

Metabolic disorders (hypocalcemia, hypophosphatemia)

Endocrine disorders (diabetes mellitus, hypo- and hyperthryroidsm)

Acidosis

Sepsis

Hypoxia

Peripartum disease

Epidemiology and Prognosis in Chronic Heart Failure 7



Vasan et al. confirmed this observation using echocardiographic measurements (21). Over

an eleven year follow-up period, the risk-adjusted hazard ratio for heart failure was 1.47

(95% CI, 1.25–1.73) for each increment of one standard deviation in the left ventricular

end-diastolic dimension indexed for height (21). A nearly identical hazard ratio was

observed for end-systolic dimension. Even without evidence of a prior myocardial

infarction, asymptomatic ventricular dilatation remained a significant predictor of heart

failure risk.

Diabetes Mellitus

Diabetes mellitus has consistently been associated with increased risk of heart failure

development in Framingham subjects (7). Diabetes has been associated with a population-

attributable risk for heart failure of 6% in men and 12% in women (17). It may lead to heart

failure because it is also a risk factor for premature coronary heart disease and because of

its strong association with hypertension, obesity, and the metabolic syndrome. However,

there may be an independent role for diabetes in the pathogenesis of heart failure as well.

Age

Age is consistently among the strongest risk factors for heart failure, leading to the clear-

cut observation that this is a syndrome of the elderly. Ho et al. demonstrated a dramatic

increase in the incidence and prevalence of heart failure with age (5). The annual incidence

increased from 3/1000 in men aged 50–59 yr to 27/1,000 in men aged 80–89 yr. In women,

the annual incidence increased from 2/1000 to 22/1000 across the same age groups (5).

Overall, the risk of heart failure appears to increase by approximately 37% per decade of

age in men and 24% per decade of age in women (20). Unfortunately, age remains an un-

modifiable risk factor.

The burden of heart failure and its public health implications are greatest in the

elderly population. Its prevalence exceeds 10% for subjects over 80 yr of age (1). Among

patients hospitalized with decompensated heart failure, 80% are O65 yr of age (4).

Further, in the Acute Decompensated Heart Failure Registry (ADHERE), the median age

of 27,000 patients admitted to 250 U.S. hospitals for heart failure was 75 yr (22).

In-hospital mortality for all participants was 4% but was substantially higher in the cohort

over 75 yr of age (22). The mortality rate attributable to heart failure hospitalization is

highest in the elderly and approximates that of acute myocardial infarction (22). Potential

explanations for the high prevalence of heart failure in the elderly include a high

prevalence of hypertension, ventricular remodeling following prior myocardial infarction,

loss of functional myocytes (which averages 5%/yr in patients beyond the age of 65 yr),

and increased extracellular matrix that contributes to alterations in left ventricular

compliance. Several of these features combine to create a ventricular phenotype of “heart

failure with preserved systolic function” (16). Thus, 40%–50% of heart failure admissions

in the elderly occur in the setting of preserved systolic function but carry the same in-

hospital risk of mortality (22).

MULTIVARIATE RISK PREDICTION OF HEART FAILURE

Kannel et al. recently devised a multivariate risk equation for estimating the four-year risk of

developing overt heart failure (20). Regression coefficients were calculated using routinely

available office-based diagnostic testing and a point score assigned for each risk factor.
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In the simplest model for men, age (0–9 points), systolic blood pressure (0–5 points), resting

heart rate (0–5 points), electrocardiographic evidence of LVH (4 points), coronary heart

disease (8 points), valvular heart disease (5 points), and diabetes mellitus (1 point) were

variables used to predict the four-year risk of heart failure. Similar variables plus body mass

index (0–3 points) were included for women. Figure 10 illustrates the risk of heart failure

based on the cumulative number of points. Using this model, 60% of heart failure episodes

in men and 73% in women occurred in subjects in the top quintile of risk scores (20). This

predictive rule may be of use for clinicians to identify those patients with predisposing

factors for heart failure who are at intermediate risk (stage A or B disease) and who may

benefit from preventive measures.

SPECIAL POPULATIONS

Major epidemiologic studies show that the overall prevalence rate of heart failure is

similar in men and women (Fig. 2). This balance reflects a much lower prevalence in

women below the age of 75 yr and a higher prevalence in older women than older men

(1,17,23,24). Although age-adjusted rates for both sexes have decreased from 1988–1995,

rates for women have fallen less than those for men (25).

Risk factors for heart failure appear markedly different between the sexes. As

described above, the population-attributable risk of hypertension is greater in women

(59%) then men (39%) (17). The higher prevalence of hypertension in women exists for

both blacks and whites. The SOLVD trials reported coronary heart disease and, in

particular, prior myocardial infarction to be less frequently identified as etiologic agents

for heart failure in women (26). Further, although white women admitted with heart failure

have less coronary artery disease than their white male counterparts, black women appear

to have more coronary disease than black men (27). While the incidence of myocardial

infarction is lower in women than men, those women who do sustain an MI are more likely

to develop heart failure symptoms (28,29).

Diabetes mellitus is also a stronger risk factor in women than men, especially in

younger women. Several studies, including the SOLVD trial (30,31), have reported that

women with symptomatic heart failure are more likely to be diabetic than men (49.3%

women versus 37.2% men, p!0.02) (31). Although both diabetic young women and men

Figure 10 Probability of developing heart failure within 4 yr for men (black columns) and women

(cross-hatched columns) according to a point score assigned by clinical predictor rule of Kannel

et al. Source: Adapted from Ref. 7.
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in the Framingham cohort had a greater incidence of heart failure than age-matched

controls, the effect was substantially greater in women (an 8-fold versus a 4-fold increase).

While obesity is an independent risk factor for heart failure in both sexes, it carries

greater predictive risk in women (32). Women have a markedly lower prevalence of

idiopathic dilated cardiomyopathy (IDCM) in most studies (male: female ratio, 1.9–4.3:1),

perhaps because men have a greater prevalence of alcohol use and/or asymptomatic

coronary artery disease (25,33). Women who do develop IDCM, however, have a greater

degree of ventricular enlargement and shorter exercise duration (34).

Ethnic Minorities

Heart failure incidence in the African American population is 50% higher than other racial

groups (3% versus 2%) (35). The SOLVD Prevention trial confirmed that African

Americans develop heart failure at a statistically higher rate than other races (36).

Symptoms at presentation are generally associated with a more advanced stage of left

ventricular dysfunction. Hypertension as a lone etiology for left ventricular dysfunction is

far more likely to occur in this population than in non–African American populations (34).

Conversely, the proportion of nonischemic disease is much higher in African Americans

with heart failure. Both morbidity and mortality outcomes appear higher in the black

population (37,38).

As socioeconomic factors appear insufficient to account for observed differences in

outcome and clinical presentation, pathophysiologic differences may exist between races.

Hypertension is known to be a more malignant vascular process in African Americans and

associated with a markedly increased risk of left ventricular hypertrophy, a ten-fold

increase of end-stage renal disease, and a higher incidence of stroke (39). In addition,

single nucleotide polymorphisms (SNPs) that affect protein expression may contribute to

an accelerated disease process. Transforming growth factor (TGF)-b1, a cytokine

stimulated by angiotensin II production, promotes collagen turnover, stimulates

endothelin mRNA production, and is associated with ventricular hypertrophy. TGF-b1

levels have been shown to be markedly elevated in hypertensive African Americans and

associated with a polymorphism at codon 10 in this population (40). Recently, a unique

combination of polymorphisms of the b1-adrenergic receptor plus the a- receptor has been

shown to be associated with a striking incidence of heart failure only among African

Americans with this genotype (41). Differences in outcome and response to pharmacologic

therapy may partially reflect these unique genotypic features.

ESTABLISHING THE DIAGNOSIS OF HEART FAILURE

Epidemiologic studies have been based on the identification of patients with clinical signs

and symptoms of heart failure but generally do not distinguish between systolic and

diastolic dysfunction. It should be remembered that heart failure is a syndrome comprised

of symptoms and signs, confirmed by diagnostic modalities such as echocardiography,

assessment of diastolic function, and exercise testing. In most observational studies, the

symptoms most sensitive for diagnosing heart failure include exertional dyspnea,

orthopnea, and paroxysmal nocturnal dyspnea (42,43). Orthopnea and paroxysmal

nocturnal dyspnea remain the most specific symptoms. Table 3 summarizes the

sensitivity and specificity of common symptoms and signs of heart failure. As is readily

evident, the sensitivity of common symptoms ranges from 23% to 66% and the specificity

from 52% to 81% (42). Heart failure signs are also inherently nonspecific (44). Rales are
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absent in up to 80% of patients with chronic heart failure due to enhanced pulmonary

lymphatic drainage. Likewise, peripheral edema is evident in only 25% of patients under

70 yr of age with chronic heart failure (44). Evidence of right-sided heart failure is absent

in up to 50% of patients at the time of diagnosis. In advanced heart failure, positive

hepatojugular reflux and Valsalva square wave signs may provide ancillary evidence of

elevated filling pressures (44). In a retrospective multivariate analysis of over 2500

participants in the SOLVD Treatment trial, the presence of an elevated jugular venous

pressure and a third heart sound were both independently associated with an increased

risk of hospitalization for heart failure, death or hospitalization for heart failure, and death

due to progressive left ventricular dysfunction (45). However, only fair interobserver

agreement between clinicians exists for assessment of jugular venous pressure (kappa

statistic 0.3–0.65) (46–48). Accurate differentiation of heart failure due to systolic versus

diastolic dysfunction is not possible based on physical findings, electrocardiographic

findings, or chest film (49,50). Given the differences in prognosis and treatment,

echocardiographic evaluation of all patients with suspected heart failure to differentiate

underlying pathophysiology should be considered.

PROGNOSTIC FEATURES

Heart failure deaths are typically either sudden or due to progressive hemodynamic

deterioration (i.e., pump failure). In mild heart failure, the proportion of deaths that occur

suddenly is higher than in advanced heart failure but the absolute risk of death is only 5%

per year (51). As heart failure severity increases, the absolute risk of sudden death

increases but it accounts for a lower percentage of overall deaths as pump failure mortality

increases dramatically. Approximately one-third of all heart failure patients will die

suddenly. During the past 20 yr, over 50 variables have been examined in univariate and

multivariate models and shown to predict mortality in heart failure populations (Table 4).

Unfortunately, no single study has assessed all, or even most, of these predictors

simultaneously in a multivariate fashion. Thus, it is impossible to rank prognostic factors

strictly on their order of importance. Nonetheless, several factors appear repeatedly in the

published literature. In his recent comprehensive review, Eichhorn identified norepi-

nephrine levels, B-type natriuretic peptide levels, left ventricular ejection fraction

(LVEF), peak oxygen uptake on cardiopulmonary exercise testing, advanced age, and a

Table 3 Sensitivity, Specificity, and Predictive Value of Symptoms and Physical Signs for

Diagnosing Chronic Heart Failure

Symptom/sign Sensitivity (%) Specificity (%) Predictive accuracy (%)

Exertional dyspnea 66 52 23

Orthopnea 21 81 2

Paroxysmal nocturnal dyspnea 33 76 26

History of edema 23 80 22

Heart rateO100/min 7 99 6

Rales 13 91 21

Third heart sound 31 95 61

Jugular venous distension 10 97 2

Edema (on exam) 10 93 3

Source: Adapted from Ref. 42.
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history of symptomatic ventricular arrhythmias or sudden death as the most important

predictors of outcome in chronic heart failure (52).

New York heart functional classification is easy to assess and remains a useful

predictor of overall mortality. One-year mortality rates stratified by NYHA class are:

Class I: 4%–5%; Class II: 5%–15%; Class III: 15%–30%; and Class IV: 30%–70%,

depending upon response to therapy and degree of compensation (53).

Demographic features are also predictive. Advanced age remains a strong predictor

of outcome in the Framingham study (54). In this cohort, mortality increased with

advancing age in both sexes (hazard ratio for men: 1.27/decade of age; hazard ratio for

women: 1.61/decade of age). Gender is also predictive of long-term outcome; women

typically have lower mortality rates than men (54). As mentioned earlier, African

Americans also appear to have less favorable outcomes than other racial groups.

Findings on physical examination also may predict prognosis. The presence of a

chronic 3rd heart sound and elevation in jugular venous pressure have been shown to

predict long-term mortality (45). Moderate-to-severe mitral or tricuspid regurgitation are

both associated with increased morbidity and mortality (55–57).

One of the most consistent predictors of outcome is LVEF (52). In patients with

moderate heart failure symptoms and a wide range of systolic dysfunction, LVEF has

extraordinarily predictive power (58). LVEF is particularly useful at values below

35% (58). In fact, its clinical utility may be greatest in patients with few or no symptoms

of heart failure (stage B disease) (Fig. 7) (10). LVEF appears to lose much of its predictive

accuracy in patients with advanced symptoms (59) or among patients whose LVEF

exceeds 45% (60). Thus, in a heterogeneous population of patients whose LVEF ranges

from 10%–45%, it has high discriminatory power. However, among a homogenous

population of patients with advanced heart failure, whose LVEF variation is small (i.e.,

15%–25%), it has little independent predictive power (52).

Right ventricular function reflects right ventricular involvement in any ongoing

myocardial process as well as inter-ventricular interaction and the effect of pulmonary

hypertension. Thus, right ventricular ejection fraction (RVEF) has been shown, both at rest

and with exercise, to be a useful predictor of outcome (61). Difficulties in its measurement

have limited its routine usefulness. Left ventricular volumes reflect the extent of the

remodeling process. Thus, left ventricular end-diastolic dimension and end-systolic

dimension by echocardiography have prognostic significance (62).

A growing list of biomarkers have been shown to be elevated in asymptomatic and

symptomatic heart failure. Plasma norepinephrine levels have been shown in a variety of

Table 4 Predictors of Prognosis in Chronic Heart Failure

Demographics Advanced age, sex, etiology

Symptoms NYHA class IV, syncope

Signs Chronic S3, right heart failure

Laboratory NaC, creatinine, anemia, CTR, LVEDD

ECG QRS or QTc prolongation, NSVT, VT

Hemodynamic LVEF, PCW, CI

Exercise 6-min walk distance, peak VO2

Neurohormonal PNE, ANP, BNP

Abbreviations: CTR, cardiothoracic ratio on chest film; LVEDD, left ventricular end-diastolic dimension on

echocardiogram; NSVT, non-sustained ventricular tachycardia; VT, ventricular tachycardia; LVEF, left

ventricular ejection fraction; PCW, pulmonary capillary wedge pressure; CI, cardiac index; VO2, oxygen

consumption on cardiopulmonary exercise testing; PNE, plasma norepinepherine; ANP, atrial natriuretic peptide;

BNP, B-type natriuretic peptide.
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trials to be a powerful predictor of outcome, independent of ejection fraction, mean

arterial pressure, heart rate, serum sodium, and measured hemodynamics (63,64). In the

Veterans Administration Heart Failure trials (V-HeFT I and II), one year mortality was

approximately 7% for patients whose levels fell below 600 pg/mL, 15% for levels

between 600–900 pg/mL, and over 25% for levels O900 pg/mL (63,64). Markers of

activation of the renin-angiotensin system such as plasma renin activity, angiotensin II,

aldosterone, and serum sodium have also been shown to predict prognosis but not as

strongly as plasma norepinephrine. The natriuretic peptides are released by the atrium

(ANP) and ventricular myocardium (BNP), respectively, in response to myocardial

injury or increased wall stretch (65). In one small trial that directly compared the

prognostic value of the two natriuretic peptides, BNP appeared to be a stronger predictor

of overall outcome than ANP or norepinephrine (65). A growing number of

observational studies and clinical trials are underway designed to assess the predictive

value of alterations of B-type natriuretic peptide in response to therapy on all-cause

mortality. The cytokines, tumor necrosis factor alpha (TNF-a) and interleukin-6, are

elevated in heart failure and may play a role in its pathophysiology (52). To date, these

cytokines have not been shown to have a strong correlation with clinical outcome.

Endothelin-1 is a potent vasoconstrictor and is elevated in direct proportion to heart

failure severity (66). One multivariate analysis has demonstrated endothelin-1 to be a

more powerful predictor of outcome than plasma norepinephrine, NYHA functional

class, age, or peak oxygen uptake (66). However, these findings need to be replicated in

larger populations. It should be noted that the vast majority of studies that look at the

prognostic significance of neurohormones loose their predictive ability in the presence of

ACE inhibitor therapy (52). Because the majority of patients with moderate to advanced

heart failure (O90%) are currently taking an ACE inhibitor, the utility of measuring

neurohormones (with the exception of BNP) in patients who are receiving

neurohormonal antagonists remains questionable.

Impaired exercise capacity is one of the principal hallmarks of chronic heart

failure. A variety of mechanisms account for this impairment including exertional

increases in pulmonary capillary wedge pressure, reduced skeletal muscle perfusion

and/or conditioning, altered skeletal muscle metabolic function, and ventilatory muscle

fatigue (67). Metabolic exercise testing as reflected by peak oxygen uptake (MVO2max)

has been shown in multiple studies to strongly predict outcome in patients with moderate

and advanced heart faliure (52,58,68–70). Peak oxygen uptake is generally recognized as

the strongest multivariate predictor of outcome when pulmonary capillary wedge

pressure, LVEF, and cardiac index are included in modeling (68). Cohn et al. have

reported that the combination of peak VO2 and LVEF can provide additional prognostic

information (58). Other less predictive exercise parameters include exercise duration,

anaerobic threshold, and the ratio of ventilation to CO2 production (VE/VCO2) (70,71).

Submaximal exercise protocols, particularly the 6 min walk test, have also been found to

have predictive value but are generally less accurate than studies performed with gas

exchange (71).

Ventricular arrhythmias are extremely common in heart failure patients and have

been reported in up to 90% of patients (52,58). Patients with symptomatic ventricular

arrhythmias (i.e., episodes of pre-syncope, syncope, or sudden death) are at increased risk

for sudden death and all-cause mortality (52,58). The frequency of asymptomatic

nonsustained runs of ventricular tachycardia increases as the disease severity worsens.

Ventricular tachycardia was observed in over 50% of patients with NYHA Class II and III

heart failure enrolled in the V-HeFT trial (58). The presence of ventricular couplets or

nonsustained ventricular tachycardia has been reported to predict increased all-cause
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mortality in a number of studies (52). Its significance in predicting sudden death risk

remains debated with some trials suggesting a moderate predictive value and others not

finding such a correlation (58,72,73). Suppression of ventricular arrhythmias on Holter

monitoring does not lower the risk of sudden death. It has been suggested that

asymptomatic ventricular ectopy serves as a useful marker for disease severity rather than

a specific marker for sudden cardiac death risk (73,74). The presence of atrial fibrillation/

flutter has been reported to be associated with both an increased risk in all-cause mortality

and sudden cardiac death risk (75–79). However, not all studies have found the presence of

atrial arrhythmias to be an independent predictor of outcome when other prognostic

variables are considered (51,76). Whether or not atrial fibrillation worsens survival, its

occurrence often will exacerbate symptoms and, if poorly controlled, may further worsen

ventricular systolic dysfunction.

Renal dysfunction has recently been recognized as an important predictor of heart

failure outcome. It is well known that renal disease, either chronic renal insufficiency or

end-stage renal failure, are strongly associated with both heart disease and heart failure (80).

Deterioration in renal function in patients with chronic heart failure may result from

diminished cardiac output and a corresponding reduction in glomerular filtration rate,

alterations in the distribution of cardiac output, intra-renal vasoregulation, alterations in

circulatory volume, intense neurohormonal activation, and the nephrotoxic effects of

medications (80). Even mild degrees of renal insufficiency have been shown to be

associated with increased mortality in both asymptomatic and symptomatic ambulatory

heart failure patients (Fig. 11) (81–85). The presence of chronic renal insufficiency, defined

as a serum creatinine O1.4 mg/dL for women and 1.5 mg/dL for men, has been shown to be

associated with an increased relative risk (RRZ1.43) of death (84). Approximately 25% of

hospitalized patients with decompensated heart failure will exhibit a deterioration in renal

function despite appropriate medical therapy (86). In these hospitalized patients, a rise in

serum creatinine of only 0.1–0.5 mg/dL is associated with a longer length of hospital stay

and increased in-hospital mortality (87). This constellation of poorly understood

physiologic mechanisms and unpredictable clinical responses to appropriate pharmaco-

logic therapies has been termed the “cardiorenal syndrome”; its optimal management

remains to be defined.

Figure 11 Influence of renal function on survival in chronic heart failure. Kaplan–Meier survival

mortality curves for patients stratified by quartile of glomerular filtration rate corrected for age and

body weight (GFRc). Source: Adapted from Ref. 80.
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Anemia has also recently been identified as an independent predictor of adverse

outcome in chronic heart failure. The Canadian Cohort Study of Chronic Renal Disease

has demonstrated that for every 0.5 gm/dL hemoglobin decrease, the odds ratio for left

ventricular hypertrophy increased by 32% (88). Each 1.0 gm/dL decline in hemoglobin

was associated with an odds ratio for left ventricular dilatation of 1.46 (89). Anemia is

common in heart failure and its prevalence is closely related to heart failure severity

(88,90). It has been demonstrated to be linked to greater impairment in functional capacity,

symptoms, and increased mortality in both moderate and severe heart failure (90–93). Its

recognition as an important contributor to morbidity and mortality suggests that it may be

an appropriate therapeutic target for chronic heart failure management.

PROGNOSIS IN CHRONIC HEART FAILURE

Older studies from the Framingham Heart Study have reported 5-yr mortality rates that

exceed 50% for patients with symptomatic heart failure; importantly, no difference in

survival was noted among patients diagnosed in the era of 1948–1974 compared to

patients diagnosed between 1975–1988 (54). After adjustment for age, survival following

initial diagnosis of heart failure remained better in women than men, with a hazard ratio of

0.64 (95% CI, 0.54–0.77). In men, heart failure secondary to known valvular heart disease

conferred a particularly poor prognosis (hazard ratio: 1.68, 95% CI, 1.15–2.46) compared

to heart failure secondary to coronary artery disease. In women, there were no significant

differences in prognosis based on disease etiology. However, women with diabetes

(hazard ratio: 1.7, 95% CI, 1.21–2.38) or prior evidence of LVH (hazard ratio: 1.63, 95%

CI, 1.08–2.45) were at substantially increased risk of all-cause mortality (54). Fortunately,

more recent data from the same group has noted reductions in 30-day, one year, and 5-yr

age adjusted mortality rates in heterogeneous cohorts of both men (from 12%, 30%,

and 70% to 11%, 28%, and 59%, respectively) and women (from 18%, 28%, and 57% to

10%, 24%, and 45%, respectively) comparing the periods of 1950–1969 to 1990–1999

(Fig. 12) (94).

The Resource utilization Among Congestive Heart failure study (REACH) provided

a 10-yr epidemiologic survey of heart failure among 29,686 patients using ICD-9 codes to

probe incidence, prevalence, and mortality (95). While the incidence of heart failure in the

Figure 12 Temporal trends in age-adjusted survival after the onset of heart failure among men (A)

and women (B). Values are adjusted for age (!55, 55 to 64, 65 to 74, 75 to 84, andR85 yr).

Estimates are shown for subjects who were 65 to 74 yr of age. Source: Adapted from Ref. 2.
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Framingham cohort was 4.7 cases/1000 for women and 7.2/1000 for men, the REACH

study reported an incidence of 5.3/1000 for men and 5.5/1000 for women. The median

survival in the REACH population was 4.5 yr for women compared to 3.7 yr for men (95).

Observational studies from several academic medical centers have also reported

improved survival in patients with IDCM (96) and advanced heart failure (97). An

important large observational study from Scotland noted improved survival in patients

hospitalized between 1986 and 1995 (98). Case fatality rates declined in men and

women by 26% and 17%, respectively, at 30 days and by 18% and 15%, respectively,

at 12 mo (98). It is interesting that no temporal change in overall survival was noted in

the initial Framingham cohort study from 1948 to 1988 (5,54). However, angiotensin-

converting enzyme inhibitors and beta-blockers were not widely prescribed during the

1980s. Thus, the favorable effects on survival noted in more recent studies may largely

derive from widespread use of neurohormonal antagonists. Finally, an observational

study of community-dwelling elderly patients (mean age 74 yr) found a close

relationship between symptoms, extent of systolic dysfunction, and heart failure

mortality (99). The adjusted mortality hazard ratios were 1.48 (95% CI, 1.2–1.8) for

patients with heart failure and normal left ventricular function, 2.4 (95% CI, 1.2–4.6)

for patients with heart failure and borderline left ventricular systolic dysfunction, and

1.88 (1.0–3.4) for patients with overt heart failure and impaired systolic function (99).

Importantly, more deaths occurred among patients with normal systolic function in this

study because left ventricular function was more often normal than impaired in the

elderly population (99). In a population-based observational study of over 38,000

consecutive unselected patients hospitalized for heart failure decompensation between

1994 and 1997, the crude 30-day and one-year case fatality rates after first admission

for heart failure were 11.6% and 33.1%, respectively (100). These survival figures

confirm the highly lethal nature of symptomatic heart failure from its time of onset.

This diagnosis carries a greater 5-yr risk of death than that associated with acute

myocardial infarction, breast cancer, or colon cancer. Aggressive strategies to detect

left ventricular dysfunction before overt heart failure ensues and to target appropriate

pharmacologic interventions should continue to improve its natural history in the

decade ahead.
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INTRODUCTION

This chapter will cover the evaluation of patients with advanced heart failure. Emphasis is

placed upon reversible etiologies and exacerbating factors. There are many causes of heart

failure such as valvular heart disease, pericardial disease, acute myocardial infarction,

restrictive cardiomyopathy, and hypertrophic cardiomyopathy. We will concentrate on the

dilated cardiomyopathies. Patients with advanced heart failure due to a dilated

cardiomyopathy will often present to the hospital with florid symptoms of fluid retention.

However, such symptoms may have been misinterpreted as bronchitis or asthma for a

prolonged period of time prior to the incident presentation. Once recognized, evaluation

and treatment for heart failure must occur rapidly and simultaneously.

EVALUATION OF PATIENTS WITH ADVANCED HEART FAILURE

History

As with any disorder, the foundation of evaluation is a complete history and physical

examination. The evaluation may need to be performed once the patient is stabilized and

more comfortable if the patient presents with advanced symptoms. The initial focus of the

history should be on the presenting symptoms and the time course of their development. Is

this something that truly did present within days or, upon retrospection, had the patient

been feeling poorly for months prior to presentation? Fulminant myocarditis presents

suddenly, while other forms of cardiomyopathy develop over months not days. Was there

truly a preceding viral illness with fever, or did the patient simply have a cough, often a

sign of incipient heart failure? Many patients with heart failure will cough especially when

supine for months before the cause is recognized. Unexplained weight gain is a clue to

fluid retention. Some patients will be able to pinpoint when their weight started to increase.

Asking the patient when he or she last felt completely well is important. Knowing the time

course of development helps both to narrow potential etiologies and focus the evaluation.
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Since the majority of patients in the developed world will have coronary disease as

the proximate cause of their cardiomyopathy, questions regarding prior cardiovascular

history and coronary risk factors are critical. A history of hypertension, diabetes,

hyperlipidemia, tobacco abuse, prior infarction, or coronary intervention are important and

point towards coronary disease as the etiology. A sense of how well the hypertension and

diabetes are controlled and whether intermittent ischemia might be present is crucial as

these diseases may exacerbate heart failure regardless of the etiology.

It is important to inquire about other cardiovascular disorders such as valvular heart

disease, prior episodes of pericarditis, or rheumatic fever. Therapy for other disorders may

impact the heart. Chest irradiation and the use of cardiotoxic agents usually in the therapy

of cancer should be investigated. Cocaine, alcohol, and amphetamine use should be

documented. The possibility of infection with human immunodeficiency virus should be

considered in those with multiple prior blood transfusions or risky personal habits.

A history of exposure to ticks suggests the possibility of Lyme disease.

Finally, consideration should be given to systemic disorders known to involve the

heart. This should include infiltrative disorders such as sarcoidosis, hemochromatosis, and

amyloidosis. The infiltrative cardiomyopathies may initially present as a restrictive

cardiomyopathy. Many will progress to a picture of dilated cardiomyopathy with

unusually thick myocardial walls. A variety of collagen vascular diseases should be

considered, although it should be remembered that most patients with a collagen vascular

disease present with a cardiomyopathy late in the course of their disease. It is rare for

advanced heart failure to be the presenting syndrome of an undiagnosed collagen vascular

disease. Symptoms of heart failure, on the other hand, may be the presenting syndrome for

thyroid disease and, very rarely, pheochromocytoma. Neuromuscular disorders, such as

Becker’s muscular dystrophy, may present with heart failure and should be considered.

A family history of cardiomyopathy, sudden death, heart failure, conduction disorder,

or muscular dystrophy is important to note. A fair percentage of patients thought to have

idiopathic cardiomyopathy may indeed have an unrecognized familial cardiomyopathy (1).

This is important not only to the patient, but to their first-degree family members who should

be screened for the same process with both echocardiography and an ECG.

Physical Examination

Along with an assessment of fluid retention, clues suggesting a systemic disorder should be

sought. Macroglossia, nonpalpable purpura of the eyelids, hepatosplenomegaly, carpal

tunnel syndrome or peripheral neuropathy could indicate amyloidosis. Eye findings, such

as uveitis or conjunctivitis, erythema nodosum, a seventh cranial nerve palsy, or

lymphadenopathy should suggest sarcoidosis. Fever should suggest either an infectious

cause or a collagen vascular disease. Watching the patient walk or rise from a seated

position may suggest a muscular dystrophy or polymyositis. A bronze-tan skin

discoloration, splenomegaly, articular changes of the second metacarpophalangeal joint,

and testicular atrophy suggest hemochromatosis. The findings of the patient’s history and

physical examination help to focus further laboratory evaluation.

Routine Laboratory Testing and Imaging

Routine Laboratory Testing

Laboratory testing is used to find disorders that can exacerbate heart failure or cause

dilated cardiomyopathy (2). A typical laboratory evaluation for a patient presenting with
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heart failure would include serum electrolytes, calcium, magnesium, renal function,

hepatic function, complete blood count, urinalysis, and lipid profile. Thyroid function tests

are suggested, since both hyperthyroidism and hypothyroidism may cause cardiomyo-

pathy and present with nonspecific findings, especially in the elderly. An ECG is done to

evaluate for the possibility of ongoing ischemia, remote infarction, or arrhythmia. A chest

radiograph may suggest sarcoidosis or another cause. An increase in cardiothoracic ratio

and the presence of pulmonary congestion would be common in patients presenting in

heart failure. The remainder of the laboratory evaluation should be tailored to those

etiologies considered most likely based upon the history and physical examination. Many

disorders may cause cardiomyopathy (Table 1). It is not cost effective to blindly evaluate

all patients for every potential cause of cardiomyopathy.

Cardiac Imaging

Echocardiography is the imaging modality of choice (2). It is noninvasive, painless,

quickly performed, and relatively inexpensive. Two-dimensional echocardiography with

Doppler evaluation provides information on pericardial, myocardial, and valvular causes

of heart failure. Assessment of chamber dimension, geometry, and function as well as wall

thickness and regional wall motion can all be performed. The division of heart failure due

to either systolic or non-systolic ventricular dysfunction is most often based

on echocardiography.

Magnetic resonance imaging and computed tomography are playing an ever-

increasing role in the evaluation of cardiovascular disease. Both imaging modalities can

provide information on coronary anatomy, ventricular function and mass, as well as

pericardial disease. In addition, quantification may be more precise than that provided by

echocardiography. However, neither cardiac magnetic resonance imaging nor computed

tomography is as widely available or as easy to perform as echocardiography. Magnetic

resonance imaging with gadolinium perfusion may help in the evaluation of infiltrative

disorders. Radionuclide ventriculography provides excellent quantification of ventricular

function but is unable to assess wall thickness or valvular function. Because of these

limitations, echocardiography remains the imaging modality of choice.

Evaluation of Coronary Disease

The evaluation of coronary disease is important because in the majority of patients with

heart failure, coronary disease will be the underlying etiology (3). Noninvasive coronary

evaluation, such as stress testing, is difficult in patients with dilated cardiomyopathy and

heart failure. Baseline bundle-branch block, segmental wall motion abnormalities, and

inhomogeneous resting nuclear images make stress testing with imaging difficult. Both

computed tomography and magnetic resonance imaging of the coronaries hold potential,

but remain unproven in this population. Many physicians will, therefore, go directly to

cardiac catheterization. I tend to do cardiac catheterization once the acute heart failure has

resolved in patients with risk factors for coronary disease. Right heart catheterization, at

the same time, provides a measure of how well the patient has responded to therapy. In

addition, there is little reason to perform cardiac catheterization if revascularization would

not be considered due to patient preferences or comorbidities. Finally, cardiac

catheterization does not need to be repeated unless there is a belief that coronary disease

has developed and revascularization would be a possibility.

Patients with coronary disease and angina with a moderately reduced ejection

fraction were shown to benefit from coronary artery bypass surgery (4). The issue of

whether or not coronary bypass surgery provides benefit to patients with heart failure, poor
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Table 1 Causes of Dilated Cardiomyopathy

Idiopathic

Familial

Myocarditis

Infectionsa

Viral—Coxsackie virus, echovirus, poliovirus, influenza, vaccinia, cytomegalovirus, adenovirus,

parvovirus, herpes simplex, respiratory syncytial virus, Epstein–Barr virus, hepatitis, varicella

zoster, human immunodeficiency virus

Bacterial—Streptococcus pyogenes, Staphylococcus aureus, Salmonella, Leptospira, Borellia

burgdoferi, Mycoplasma pneumoniae, Chlamydia, Rickettsia

Fungi—Aspergillus, Candida

Parasites—Trypanosoma cruzii, Toxoplasma

Noninfectiousa

Drugs—multiple including a variety of antibiotics—ampicillin, sulfamethoxizole; anticon-

vulsants—carbamazepine, smallpox vaccination; diuretics—furosemide, hydrochlorothiazide

Systemic diseases—a variety of collagen vascular disorders, peripartum cardiomyopathy

Giant cell

Cardiac rejection

Drug toxicitya

Alcohol

Amphotericin B

Antidepressants

Catecholamines

Chinese herbal medicine

Cocaine

Doxorubicin

Interferon alpha

Interleukin 2

Ipecac

Lithium

Prednisone

Trastuzumab

Multiple others

Metabolica

Acromegaly

Addison’s disease

Carcinoid

Diabetes mellitus

Hypocalcemia

Hypophosphatemia

Thyroid disease

Pheochromocytoma

Infiltrative disease

Amyloid

Hemochromatosisa

Sarcoidosisa

Storage diseases

Nutritionala

Beriberi

Carnitine

Pellagra

Scurvy

Selenium

(Continued)
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ejection fraction, and no angina remains controversial. Some guidelines recommend

bypass for such patients with left main stenosis and in patients with large areas of

hibernating myocardium (5). How best to identify such patients is unknown.

Endomyocardial Biopsy

The ACC/AHA guidelines for the evaluation and management of chronic heart failure in

the adult propose a limited role for endomyocardial biopsy and that it should not be

performed as part of the routine evaluation of cardiomyopathy (2). In experienced hands,

endomyocardial biopsy is safe with a mortality rate of about 0.5% (6). Tissue sampling is

used to make the diagnosis of amyloidosis, hemochromatosis, myocarditis (including giant

cell myocarditis), and endocardial fibroelastosis. Sarcoidosis is a patchy disorder but when

granulomas are found on endomyocardial biopsy, the diagnosis is confirmed.

Endomyocardial biopsy may also be used to evaluate the risk of continued anthracycline

therapy (7). Therefore, endomyocardial biopsy is used to answer specific questions and use

should be tailored to the specific patient.

CAUSES OF CARDIOMYOPATHY

Most patients with dilated cardiomyopathy but without coronary disease will not have an

identifiable cause and will thus be labeled “idiopathic” (8–10). A large proportion of these

Table 1 Causes of Dilated Cardiomyopathy (Continued)

Connective-tissue diseasea

Ankylosing spondylitis

Cryoglobulinemia

Churg-Strauss

Dermatomyositis/polymyositis

Polyarteritis nodosa

Relapsing polychondritis

Rheumatoid arthritis

Scleroderma

Systemic lupus erythematosus

Wegener’s granulomatosis

Muscular dystrophies and neuromuscular disorders

Heat strokea

Hypertensiona

Morbid obesity

Peripartuma

Poisoninga

Carbon monoxide

Carbon tetrachloride

Cobalt

Heavy metals

Scorpion, spider and snake bites

Radiation

Sepsis/critical illnessa

Tachycardiaa

Uremiaa

This is a relatively complete list.
aPossibly reversible.
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patients may have an underlying genetic cause (1). This is important as it suggests that

first-degree relatives of patients with idiopathic cardiomyopathy should be screened for

asymptomatic left ventricular dysfunction. Otherwise, a wide variety of conditions may

result in dilated cardiomyopathy. These are listed in Table 1. In an extensive evaluation of

1230 patients with initially unexplained dilated cardiomyopathy, we discovered a variety

of diagnoses (8). These are listed in Table 2. This cohort of patients was drawn from a

tertiary care institution and likely does not reflect the most common etiologies in a primary

population where coronary disease and hypertension play a larger role. In addition, the

underlying cause of cardiomyopathy had prognostic value. Patients with peripartum

cardiomyopathy had a better prognosis than patients with other forms of cardiomyopathy.

Patients with cardiomyopathy due to inflitrative myocardial diseases, HIV infection, or

doxorubicin therapy had a worse prognosis (Fig. 1). In patients with infiltrative disease,

those with sarcoidosis had a better prognosis than those with either amyloidosis

or hemochromatosis.

REVERSIBLE CAUSES OF CARDIOMYOPATHY

The evaluation of dilated cardiomyopathy should be directed towards reversible or

treatable causes of cardiomyopathy listed in Table 1. Many patients with left ventricular

dysfunction will have an improvement in their ejection fraction with standard heart failure

therapy including beta-blockers and angiotensin converting enzyme inhibitors. The term

“reversible causes of cardiomyopathy” is used to refer to causes of dilated cardiomyopathy

that will improve spontaneously or with a specific treatment. Several deserve comment.

Myocarditis

Myocarditis is an lymphocytic, inflammatory disease of the myocardium, which can lead

to a dilated cardiomyopathy. A number of viruses have been identified in association with

myocarditis (Table 1). Polymerase chain reaction (PCR) was used to identify viral genome

in 38% of 624 patients with myocarditis and only 1.4% of control samples (11). The most

commonly identified viral genome was adenovirus followed by enterovirus, cytomega-

lovirus, parvovirus, influenza A, herpes simplex virus, Epstein Barr virus, and respiratory

syncitial virus. There were 26 patients infected with 2 different viruses. Other viruses that

have been described as causes of myocarditis include human immunodeficiency virus and

hepatitis C. In addition, myocarditis has been confirmed following smallpox vaccination in

United States military personnel (12,13). A variety of other infectious agents have been

shown to cause myocarditis including bacterial, fungal and parasitic organisms (Table 1).

Almost any drug may cause a hypersensitivity myocarditis, which may or may not

get better with discontinuation of the offending drug (14). Myocarditis may also be

associated with a systemic disorder such as a variety of autoimmune collagen vascular

disorders, exposure to various drugs, and in peripartum cardiomyopathy. In cases of

secondary myocarditis, prognosis appears to be more closely related to the underlying

systemic disorder rather than the presence of myocarditis (15).

Natural History and Clinical Course

Four clinicopathologic forms of myocarditis have been described based upon both clinical

presentation and findings on endomyocardial biopsy (16). Diagnosis is largely based upon
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Table 2 Final Diagnoses in 1230 Patients with Initially Unexplained Cardiomyopathy

Diagnosis Number (%)

Idiopathic cardiomyopathy 616 (50)

Myocarditis 111 (9)

Ischemic heart disease 91 (7)

Infiltrative disease 59 (5)

Amyloid 36

Sarcoidosis 14

Hemochromatosis 9

Peripartum cardiomyopathy 51 (4)

Hypertension 49 (4)

HIV 45 (4)

Connective-tissue disease 39 (3)

Scleroderma 12

Systemic lupus erythematosus 9

Marfan’s syndrome 3

Polyarteritis nodosa 3

Dermatomyositis or polymyositis 3

Nonspecific connective-tissue disease 3

Ankylosing spondylitis 2

Rheumatoid arthritis 1

Relapsing polychondritis 1

Wegener’s granulomatosis 1

Mixed connective-tissue disease 1

Substance abuse 37 (3)

Alcohol 28

Cocaine 9

Doxorubicin therapy 15 (1)

Other causes 117 (10)

Restrictive cardiomyopathy 28

Familial 25

Valvular heart disease 19

Endocrine dysfunction

Thyroid disease 7

Carcinoid 2

Pheochromocytoma 1

Acromegaly 1

Neuromuscular disease 7

Neoplastic heart disease 6

Congenital heart disease 4

Complication of coronary bypass surgery 4

Radiation 3

Sepsis/critical illness 3

Endomyocardial fibroelastosis 1

Thrombotic thrombocytopenic purpura 1

Rheumatic carditis 1

Drug therapy (not including doxorubicin)

Leukotrienes 2

Lithium 1

Prednisone 1

Total 1230 (100)

Source: Adapted from Ref. 8.
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the findings at endomyocardial biopsy. Fulminant myocarditis is most commonly seen in

young adults and presents abruptly with severe heart failure and cardiogenic shock

following a viral illness. Patients present with poor left ventricular function but without

left ventricular dilation. The ventricular walls are thick, likely due to a combination of

intense inflammatory lymphocytic infiltrate with myocyte necrosis and edema (17).

Patients will spontaneously recover completely or die of cardiogenic shock or ventricular

arrhythmias (18). Standard immunosuppression with corticosteroids likely does not help.

Aggressive supportive care with a mechanical assist device may be required until left

ventricular function improves.

Acute myocarditis has an indistinct onset of symptoms, presents with dilated

cardiomyopathy, and shows an inflammatory lymphocytic infiltrate with or without

myocyte necrosis on endomyocardial biopsy. Some cases will respond to immunosuppres-

sion while others will not (16). Chronic active myocarditis has an indistinct onset and

results in a restrictive cardiomyopathy. Endomyocardial biopsy shows inflammation and

severe fibrosis. Chronic active myocarditis does not respond to immunosuppression (16).

Chronic persistent myocarditis presents with atypical chest pain or ventricular

arrhythmias. Left ventricular function is normal even though inflammation is seen on

endomyocardial biopsy (16).

A fifth form of myocarditis, which does not fit nicely within the above schema, is

giant cell myocarditis. While similar to chronic active myocarditis, giant-cell myocarditis

shows a diffuse, lymphocytic infiltrate with myocyte necrosis and the presence of giant

cells without well-formed granuloma on endomyocardial biopsy. Prognosis is poor with a

median survival of 5.5 months after the development of symptoms (19). Patients often

have a previous autoimmune disease and tend to be in their 40s. It has recurred in a

transplanted heart. Heart transplantation, however, is the only therapy to offer a significant

survival advantage (19). Immunosuppressive therapy increases survival in some patients.

Treatment remains controversial. The largest trial of immunosuppressive

therapy for myocarditis showed no significant difference in survival (20). Patients with

fulminant presentation will not need immunosuppression (18). Patients with chronic

active myocarditis and chronic persistent myocarditis will often not respond to
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immunosuppression (16). Giant-cell myocarditis is often treated with immunosuppression,

but this is rarely effective (19). There may be ways to tailor therapy to the particular

disease. In a trial of 22 patients with PCR-proven enteroviral or adenoviral genomes and

left ventricular dysfunction, treatment with Interferon-beta for 6 months resulted in the

elimination of viral genome in all patients and improvement in left ventricular function in

15 of 22 patients (21). In another study of 112 patients with myocarditis, patients with

circulating cardiac autoantibodies and no viral genome were most likely to respond to

immunosuppression (22).

Peripartum Cardiomyopathy

Peripartum cardiomyopathy, defined by a National Institutes of Health Consensus

Conference, is heart failure due to left ventricular systolic dysfunction developing in the

final month of pregnancy or within 5 months after delivery in the absence of pre-existing

heart disease or other cause of cardiomyopathy (23). The etiology is unknown but

myocarditis due to either a viral infection or an autoimmune process has been postulated to

be the proximate cause. In the United States, this occurs in one of every 3000 to 4000 live

births (23). Risk factors reported in the literature include black race, high parity, old age,

multiple gestation, and the use of tocolytics (23). In our experience, 62% of patients had

myocarditis on endomyocardial biopsy but the presence or absence of myocarditis did not

alter survival (24). Recovery of left ventricular function occurred in the majority of

patients resulting in an excellent prognosis whether or not myocardits was present.

Treatment is usually supportive care and standard heart failure therapy. If left

ventricular function at rest fails to normalize, standard heart failure therapy is continued

indefinitely. In most patients, left ventricular function will normalize. Continued therapy

may then be discontinued, especially if left ventricular function augments appropriately

with exercise. We have argued that women with normal resting cardiac function who fail

to augment left ventricular function with exercise should be continued on a beta-blocker

and an angiotensin converting enzyme inhibitor (25). Heart failure symptoms and left

ventricular dysfunction may return with subsequent pregnancies. In one study, 21% of

patients redeveloped symptoms of heart failure out of 28 women whose left ventricular

function had returned to normal. None of these patients died. However, in 16 women

whose heart function had failed to normalize, death occurred in 19% while 44% of the

women developed heart failure (26). These data are helpful in counseling women

regarding future pregnancies.

Stress Cardiomyopathy

Reversible, severe left ventricular dysfunction has been described following sudden

emotional stress, a variety of neurologic injuries, and other forms of non-emotional stress

(27). The majority of patients are women. Chest pain and dyspnea are typical presenting

complaints, and prolongation of the QT interval is common within the first 48 hours

associated with widespread, deep, symmetrical T wave inversions. Echocardiography

shows severe apical akinesis or dyskinesis with preservation of function at the base of the

left ventricle. Marked improvement in left ventricular function is seen within a week and

normalization of function within 3 weeks. Plasma catecholamine levels are massively

elevated (27) and may play a major role in the etiology of this disorder resulting in

myocardial stunning. Therapy is supportive care and standard heart failure therapy, which

may be discontinued following normalization of left ventricular function. Given the
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massively elevated plasma catecholamine levels, pressors are avoided in favor of

mechanical circulatory support with an intra-aortic balloon pump.

A reversible cardiomyopathy is often seen in critical-illness such as sepsis,

pancreatitis, anaphylaxis, burn injuries, and a variety of other injuries and disorders

(28,29). Whether or not this should be thought of as separate from stress cardiomyopathy

is unclear. In sepsis and perhaps pancreatitis, circulating inflammatory mediators, such as

tumor necrosis factor and interleukin-6, appear to play an etiologic role in the transient

cardiomyopathy (29,30), while in stress cardiomyopathy, catecholamines play a more

important role. This would suggest that either pro-inflammatory cytokines or

catecholamines might cause a reversible cardiomyopathy.

Tachycardia-Induced Cardiomyopathy

Incessant or chronic ventricular or supraventricular tachycardias may cause a dilated

cardiomyopathy (31). The incidence of this is unknown and it may occur at any age. It may

also aggravate other causes of systolic dysfunction. The most frequent causes are atrial

fibrillation and flutter with a rapid ventricular response (32). Normalization of heart rate by

either rate or rhythm control results in an improvement in left ventricular function. In heart

failure patients with atrial fibrillation, however, rhythm control using a catheter ablation

technique, without the use of antiarrhythmic drugs, was associated with a significant

improvement in left ventricular function as well as symptoms (33). If the arrhythmia

recurs or the ventricular response is poorly controlled, the cardiomyopathy may return and

is associated with a more rapid decline in left ventricular function (32). This entity is

something to be considered in all patients with persistent arrhythmias and left

ventricular dysfunction.

Sarcoid Cardiomyopathy

Sarcoidosis is a multisystem granulomatosis of unknown etiology. Cardiac sarcoidosis

occurs in upwards of 70% of autopsy series (34). In clinical series, it is recognized less

often because it is difficult to detect minimal disease clinically (35). Extracardiac

symptoms are usually present but this is not always the case and sarcoidosis may present

with a cardiomyopathy or sudden death (36). Noncaseating granulomas with giant cells are

the hallmark pathologic feature. Arrhythmias are common and sudden death may be the

initial presentation (36–38). The granulomas and fibrosis may result in a variety of

conduction abnormalities, and dilated cardiomyopathy is not unusual (34,36,37).

Diagnosis is based upon the ECG, echocardiogram, and often biopsy of another

organ or lymph node. Due to the scattered nature of the granulomas endomyocardial

biopsy, while specific, is not sensitive. The most common areas of myocardial

involvement are the left ventricular free wall particularly near the base of the papillary

muscles and the base of the septum (36). These areas are not easily accessible to

endomyocardial biopsy. Patchy thallium defects that do not correspond to coronary artery

territories occur. Magnetic resonance imaging with gadolinium may also show evidence of

infiltration (39).

Immunosuppression with corticosteroids may result in improvement (40). There has

not been, however, a controlled study of the use of immunosuppression in patients with

cardiac sarcoidosis. Despite this, corticosteroids are usually recommended and patients

may require a prolonged course of treatment. A low threshold for an internal cardioverter

defibrillator is suggested as the incidence of sudden cardiac death is high (36).
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While both disorders have giant cells on histologic evaluation, cardiac sarcoidosis is

clinically different from giant cell myocarditis (41). The granulomas in cardiac sarcoidosis

are well formed, while in giant cell myocarditis they are not. The prognosis of cardiac

sarcoidosis is relatively good compared to giant cell myocarditis. Finally, patients with

cardiac sarcoidosis may respond to corticosteroids, while patients with giant cell

myocarditis often will not.

Drug-Induced Cardiomyopathy

Some drugs are associated with a hypersensitivity myocarditis, which resolves with

discontinuation of the offending drug. Patients are often prescribed and take multiple drugs

so identification of the agent causing the myocarditis may be difficult. An incomplete list

of drugs that have been shown to cause myocarditis is found in Table 1. Penicillins,

sulfamethoxizole, and methyldopa are more commonly implicated. Other drugs have a

direct toxic effect, such as catecholamines. A reversible cardiomyopathy has been

associated with cocaine use and epinephrine overdose (42,43). Other direct toxins include

heavy metals and carbon monoxide. Alcohol may cause a reversible cardiomyopathy,

although the amount of alcohol needed to cause the cardiomyopathy is unknown and likely

varies depending on a host of factors, including genetic susceptibility (44). It is likely that

at least 5 years of daily alcohol consumption is necessary to produce left ventricular

dysfunction (44). Some drugs used in the treatment of cancer, such as cyclophosphamide,

trastuzumab, and and doxorubicin, may cause dilated cardiomyopathy. Prognosis in

doxorubicin-induced cardiomyopathy is poor (8) but it is unclear if this is due to

doxorubicin or the underlying cancer for which the drug was prescribed.
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PART II: MEDICAL MANAGEMENT

3
Diet, Metabolic Syndrome, and Obesity

Michael M. Givertz
Cardiovascular Division, Brigham and Women’s Hospital, Harvard Medical School,
Boston, Massachusetts, U.S.A.

INTRODUCTION

Clinically important changes in body weight are common in heart failure and impact daily

patient management. Overweight and obesity, insulin resistance, and metabolic syndrome

are increasing in prevalence and contribute directly to the development and progression of

left ventricular dysfunction. At the same time, improved treatment of chronic heart failure

has resulted in increasing numbers of patients with advanced disease and cardiac cachexia.

Mechanisms underlying weight gain and loss in heart failure are complex, and an evolving

understanding of pathophysiology has suggested novel targets of therapy. Standard

pharmacologic strategies include titration of neurohormonal antagonists and diuretics

while recognizing the limited reliability of the clinical evaluation. Sodium and fluid

restriction, moderation of alcohol use, and exercise are equally important components of

care for the majority of patients with heart failure, regardless of body weight. For obese

patients, marked weight loss may contribute to reverse ventricular remodeling.

WEIGHT GAIN AND LOSS

The most common cause of weight gain in heart failure is an expanded extracellular

volume. Increased volume is manifest on exam as elevated jugular venous pressure,

pulmonary congestion, peripheral edema and ascites, and by symptoms such as ankle

swelling, dyspnea on exertion, and orthopnea. Volume overload is related in part to avid

sodium retention by the kidney, which is caused by a complex interaction between

decreased cardiac output, neurohormonal activation, and impaired renal blood flow. The

complex pathophysiology of the expansion of extracellular volume in heart failure has

been reviewed in detail elsewhere (1). Importantly, unrecognized hypervolemia is

frequently present in nonedematous patients with heart failure and is associated with

increased cardiac filling pressures and worse outcomes (2). As discussed below, weight

gain due to overweight or obesity is also common in heart failure and may be associated

with improved outcomes (3).
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Weight loss in patients with heart failure most commonly occurs following initiation

or titration of diuretics. In the Framingham Heart Study, weight loss of greater than

4.5 kg in 5 days in response to treatment is a minor criterion for the diagnosis of

heart failure (4). More typically, weight loss is used to assess response to therapy (see

Chapter 5). Unexplained weight loss can also occur in heart failure, and may be related to

an increase in resting metabolic rate of up to 70%, gastrointestinal malabsorption, and/or a

general shift towards catabolism. Mechanisms underlying a catabolic shift in heart failure

include an increased ratio of catabolic to anabolic steroids, resistance to insulin and growth

hormone (5), and elaboration of proinflammatory cytokines such as tumor necrosis factor-

alpha and interleukin-1 beta (6). There is also evidence that inflammatory cytokines may

depress myocardial contractility, and contribute to ventricular remodeling by stimulating

myocyte apoptosis and turnover of the extracellular matrix (7,8). Long-standing, severe

heart failure, particularly right ventricular failure, may lead to anorexia as a consequence

of hepatic and intestinal congestion, and mesenteric hypoperfusion.

The combination of reduced caloric intake and increased caloric expenditure may

lead to a reduction of tissue mass and, in severe cases, to cardiac cachexia. In some patients,

the loss of lean body mass may be masked by the accumulation of edema. Hippocrates

described this presentation in 400 B.C. as follows: “The flesh is consumed and becomes

water.the abdomen fills with water, the feet and legs swell, the shoulders, clavicles, chest

and thighs melt away.” Cardiac cachexia may occur in up to 15% of patients with chronic

heart failure, and is an independent risk factor for mortality (Fig. 1) (9).

In addition to weight loss, there is evidence that vitamin and micronutrient

deficiency may contribute to disease progression in heart failure (Table 1) (10).

Selective deficiency of selenium, calcium, and thiamine can directly lead to heart
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Figure 1 Cumulative risk of death in 619 patients with chronic heart failure in the V-HeFT II

study stratified by change in weight at nine months of follow-up. Patients with weight loss greater

than or equal to 6% (dashed line) had impaired long-term survival compared with patients without

weight loss (solid line), independent of age, New York Heart Association (NYHA) class, or ejection

fraction. Source: From Ref. 9.
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failure, while deficiency of magnesium, zinc, and copper may contribute to myocardial

dysfunction and proarrhythmia. Deficiency of antioxidant vitamins such as ascorbic acid

and alpha-tocopherol has been linked experimentally and clinically to myocardial

oxidative stress, platelet aggregation, and endothelial dysfunction. Vitamin B6 deficiency

with an associated elevation in homocysteine levels increases the risk for vascular disease,

and vitamin A deficiency may increase the risk of acute myocardial infarction. Despite

epidemiological data linking vitamin and micronutrient deficiency to cardiovascular

disease in general and heart failure in particular, there is no proven role

for supplementation.

A related nutraceutical that has received much attention in recent years is co-

enzyme Q10. Co-enzyme Q10 is an electron carrier in ATP synthesis and is found in high

concentrations in myocyte mitochondria. Experimental data suggest that co-enzyme Q10 is

a powerful antioxidant, and reduced levels in heart failure have been associated with

increased mortality. While anecdotal reports and uncontrolled studies (11) of co-enzyme

Q10 supplementation suggested beneficial effects on exercise tolerance and symptoms in

heart failure, randomized, placebo-controlled trials have shown only mild (12) or no

(13,14) benefits of co-enzyme Q10 on objective measures of cardiac structure and

function (Fig. 2).

Table 1 Vitamin and Micronutrient Deficiency in Heart Failure

Deficiency Clinicopathological manifestations

Micronutrients

Calcium QT prolongation, myocardial dysfunction

Magnesium Proarrhythmia, muscle fatigue, hypokalemia

Zinc Myocardial oxidative stress, contractile dysfunction

Copper Mitochondrial impairment, lipoprotein peroxidation

Selenium Keshan disease, peripartum cardiomyopathy

Vitamins

A Increased risk of acute myocardial infarction

B1 High output heart failure

B6 Increased risk of CAD and cerebrovascular disease

C LDL oxidation, endothelial dysfunction

E Oxidative stress, platelet aggregation

Abbreviations: CAD, coronary artery disease; LDL, low-density lipoprotein.
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Figure 2 Box and whisker plots showing percent changes from baseline in left ventricular end

systolic volume (ESV), end diastolic volume (EDV), ejection fraction (EF), cardiac index (CI),

pulmonary capillary wedge pressure (PCWP), and systemic vascular resistance (SVR) during

three months of treatment with co-enzyme Q10 (black boxes) or placebo (open boxes) in 30 patients

with chronic heart failure. Source: From Ref. 14.
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DIET

Sodium and Fluid Restriction

Restriction of dietary sodium intake is universally recommended for patients with heart

failure. The failure to correctly implement a sodium-restricted diet may diminish the

effectiveness of diuretics, aggravate potassium loss, and contribute to acute decompensation

in up to 50% of patients. Cody et al. (15) studied 10 patients with severe heart failure who

were monitored in a clinical research center on a very low sodium (approximately 200 mg/

day) or moderately low sodium (approximately 2000 mg/day) diet. The very low sodium diet

was associated with a significant reduction in weight, mean pulmonary artery pressure and

mean pulmonary capillary wedge pressure. Other studies have shown that in patients with

mild heart failure a high salt diet increases left ventricular volumes, exacerbates the rise in

plasma natriuretic peptide levels and decreases daily sodium excretion (16). Additional

studies performed in patients with hypertension clearly demonstrate that the level of sodium

intake in the diet can have an important effect on hemodynamics and clinical status (17).

The recommended level of sodium restriction is generally based on the severity of

heart failure and individual tendency to retain fluid. In patients with asymptomatic left

ventricular dysfunction, a judicious restriction of sodium intake to no more than 3500 mg

per day is probably useful, although there is no data on the long-term effects of this

recommendation. Patients with mild heart failure typically require sodium restriction to

less than 3000 mg per day, while those with moderate or severe heart failure will obtain

clinical stability only when sodium intake is reduced to less than 2000 mg per day.

Maintaining compliance with sodium restriction can be enhanced by ongoing

education and support from a nutritionist or heart failure nurse specialist (see Chapter 28).

In addition, patient-oriented reading materials (18) and websites (19) can help reinforce

important steps to maintaining a low-sodium diet. Several general principles should be

followed. Since a single teaspoon of salt contains approximately 2300 mg of sodium,

removing the saltshaker from the dining table and eliminating salt from cooking are

important first steps. Patients are encouraged to experiment with no-salt herbs, spices, and

seasoning mixes, and to marinate meat, chicken, or fish ahead of time. Second, it is

important to recognize that most foods contain sodium naturally, so that it is impossible

(nor recommended) to eliminate sodium entirely from the diet. Rather, patients should be

taught to adapt preferred foods to low-sodium versions (e.g., low-salt cheese or yogurt),

and pick foods naturally low in sodium (e.g., fresh fruits and vegetables, dried beans, or

rice). Patients must also learn to read food labels carefully and recognize that total sodium

intake can accumulate when eating large quantities of foods with relatively low sodium

content. Building in some flexibility and encouraging the patient to take responsibility for

this aspect of care can improve compliance.

As with restriction of sodium intake, recommendations regarding fluid restriction

should be based on the severity of the underlying disease and tendency to retain fluid.

Patients with mild heart failure generally require a fluid restriction of less than 2.5 L

per day, while those with more advanced disease should limit fluid intake to less than 2 L

per day. Practical suggestions that help with compliance include measuring fluids in a cup

before drinking them, using one container such as a water bottle to drink from throughout

the day, quenching thirst with gum or sugar free candies, and chilling drinks to make them

more refreshing. Patients are taught that if a food melts at room temperature (e.g., ice

cream), it should be considered fluid. Free water restriction is strongly recommended for

patients with hyponatremia.

Since standard pharmacological therapy for heart failure includes both potassium-

sparing [angiotensin-converting enzyme (ACE) inhibitors, aldosterone-receptor blockers]
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and potassium-wasting (diuretics) agents, careful attention must also be paid to potassium

in the diet. Foods high in potassium include avocados, bananas, broccoli, cantaloupe, dried

fruits, nuts, potatoes, and tomatoes. In addition, many of the no-salt seasoning substitutes

contain significant quantities of potassium.

Alcohol

Recent surveys of U.S. adults suggest that approximately two-thirds of men and one-half of

women drink alcohol at least once per month, and that up to 5% of the general population is

dependent on alcohol (20). In the Studies of Left Ventricular Dysfunction (SOLVD), 45% of

patients with mild-moderate heart failure reported consuming 1 to 14 drinks per week (21);

and in the Survival and Ventricular Enlargement (SAVE) study, the baseline prevalence of

light-moderate and heavy drinking was 32% and 11%, respectively (22). Despite data from

the SOVLD study that demonstrates lower mortality rates among light-to-moderate drinkers

compared to nondrinkers, national heart failure guidelines strongly recommend against the

use of alcohol (23). These recommendations are based on concerns about the adverse effects

of alcohol on cardiac structure and function.

Acute alcohol exposure has been known to cause adverse cardiovascular effects that

can exacerbate heart failure (24). Both animal and human studies demonstrate that alcohol

exerts negative inotropic effects that are mild and transient, and may be offset by a

reduction in afterload. In patients following myocardial infarction, 2 oz of whiskey caused

acute reductions in ejection fraction (58% to 56%) and cardiac output (4.5 to 3.8 L/min),

while there were no changes in cardiac function in healthy controls (25). Greenberg et al.

(26) studied the acute hemodynamic effects of 80 proof vodka (0.9 gm/kg body weight) in

patients with advanced heart failure and demonstrated reductions in mean arterial,

pulmonary artery and pulmonary capillary wedge pressures and systemic vascular

resistance without a change in cardiac index or stroke work index. Chronic exposure to

alcohol results in variable reductions in ejection fraction, and, in cases of prolonged heavy

use, alcohol may cause a reversible, dilated cardiomyopathy (27).

Despite the known adverse effects of alcohol on cardiac structure and function,

retrospective and prospective data suggest that alcohol may have neutral or beneficial

effects on long-term outcomes. In a study of 5358 physicians following myocardial

infarction, two to six drinks per week was associated with decreased total and

cardiovascular mortality (28); and light-to-moderate alcohol use decreased the risk of

sudden death in healthy adult men (29). Analysis of the SAVE study demonstrated that the

risk of developing heart failure was similar among non-drinkers, light-to-moderate

drinkers and heavy drinkers (22). For patients with alcoholic cardiomyopathy, an

improvement in ejection fraction may be seen with either abstinence or controlled drinking

of up to four drinks per day (Fig. 3) (30). These data have led some heart failure experts to

recommend moderation of drinking rather than complete alcohol cessation for patients

with symptomatic left ventricular dysfunction (31).

METABOLIC SYNDROME

The Adult Treatment Program III of the National Cholesterol Education Program has

defined the metabolic syndrome as the presence of three or more traits that impact on

subsequent cardiovascular risk (Table 2) (32,33). A recent national survey found that 22%

of adult Americans meet criteria for the metabolic syndrome, and this prevalence has

increased over the past five years, particularly in women (34). Major risk factors include
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old age, Mexican American race, and increased body weight; smoking and physical

inactivity have also been linked to the metabolic syndrome. From a pathophysiological

standpoint, the metabolic syndrome is considered a proinflammatory, prothrombotic state

that independently predicts the development of diabetes and cardiovascular disease.

Several large, clinical studies have defined an evolving relationship between the

metabolic syndrome and heart failure. In a prospective study of patients with acute

myocardial infarction, the metabolic syndrome was present in 46%, and was a strong

independent predictor of severe heart failure (35). In the Women’s Ischemia Syndrome

Evaluation study, 25% of women referred for coronary angiography met criteria for the

metabolic syndrome; and in patients with angiographically significant CAD, the metabolic

syndrome was associated with reduced four-year survival and higher rates of major

adverse cardiac events including stroke and heart failure (36). In addition, insulin

resistance, which is a major component of the metabolic syndrome, predicts the

development of heart failure independent of hypertension or ischemic heart disease (37).

Insulin resistance is also common in ambulatory patients with systolic heart failure (38),

correlates with disease severity and may be mediated by neurohormonal activation,
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Figure 3 Changes in left ventricular ejection fraction in 55 men with alcoholic cardiomyopathy

according to daily ethanol intake during the first year of observation in a prospective cohort study.

Patients who abstained from alcohol or drank 20 to 60 g of ethanol per day showed a comparable

improvement (0.39 to 0.53 and 0.37 to 0.50, respectively). Source: From Ref. 30.

Table 2 Criteria for the Metabolic Syndrome

Trait Diagnostic criteria

Abdominal girth O35 inches in women, O40 inches in men

HDL cholesterol !50 mg/dL in women, !40 mg/dL in men

Triglycerides (fasting) O150 mg/dL

Blood pressure O130/85 mm Hg

Fasting glucose R110 mg/dL

Source: Adapted from Ref. 32.
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skeletal myopathy, or endothelial dysfunction (39). Relevant to obese, diabetic patients

with heart failure, the metabolic syndrome is associated with the development of chronic

kidney disease and sleep-disordered breathing.

Treatment of the metabolic syndrome in heart failure should be directed towards

weight loss, lipid management (see chapter 9), and blood pressure control (see chapter 6).

For patients who are overweight (body mass index 25 to 30 kg per m2), a balanced-caloric

diet of 1500 to 2000 calories per day is an important first step towards healthy weight loss.

For obese patients, a low-calorie liquid diet (500 to 1200 calories per day) may lead to

significant and rapid weight loss but requires physician supervision and is relatively

contraindicated in patients with moderate to severe heart failure due to fluid and

electrolyte shifts. Long-term maintenance of dietary weight loss is enhanced with

behavioral modification and exercise. Appetite suppressants are generally contraindicated

in patients with heart failure due to adverse effects of excess adrenergic stimulation. An

exception to this may be rimonabant, a cannabanoid-receptor antagonist without cardiac

toxicity that causes sustained weight loss, improves lipid parameters, and may reverse the

metabolic syndrome (40). Preliminary data also shows that rimonabant reduces body

weight and improves glycemic control in patients with type II diabetes. Orlistat, an

inhibitor of gastrointestinal lipase, may induce weight loss and improve symptoms in heart

failure patients but is limited by side effects such as flatulence and oily stools (41). The

role of bariatric surgery is discussed below.

OBESITY

Epidemiology and Prognosis

Recent estimates of obesity prevalence among US adults suggest that one in two Americans

is overweight or obese as defined by a body mass index (BMI) R25 kg per m2 (42).

In addition, obesity incidence continues to rise such that the prevalence of marked obesity

(BMI R40 kg per m2) has nearly tripled between 1990 and 2000. As these trends in obesity

continue, cardiovascular specialists will encounter a rising rate of obesity-related

cardiovascular disorders, including hypertension, left ventricular hypertrophy, and heart

failure (43). Several cross-sectional studies have shown that measures of body size and

adiposity are independently associated with left ventricular mass (44–47), and that an

increase in left ventricular mass in youth predicts a greater likelihood of subsequent

cardiovascular disease (48).

Despite these observations, it remains uncertain whether obesity is an independent

risk factor for heart failure among the majority of adults who have other comorbidities

associated with left ventricular dysfunction. In the Framingham Heart Study,

approximately 6000 patients were followed for the development of heart failure over a

mean follow-up period of 14 years (49). Multivariate analyses demonstrated an overall

two-fold increase in incident heart failure cases among participants with a BMI R30 kg

per m2 versus individuals with a normal BMI independent of other cardiovascular risk

factors (Fig. 4). The estimated risk increase associated with a 1-kg per m2 increment in

BMI was 7% and 5% in women and men, respectively.

Although obesity is a risk factor for the development of heart failure, obese patients

appear to have a better prognosis than non-obese patients with symptomatic left

ventricular dysfunction (so-called “obesity paradox”) (Fig. 5) (3). To assess the influence

of body weight on survival in heart failure, Davos et al. (50) divided 589 non-cachectic

heart failure patients into quintiles of BMI. Survival was greatest in the fourth quintile,

with a relative risk of death of 0.91. Horwich et al. (51) also evaluated obesity and
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mortality in 1200 patients with advanced heart failure divided into quartiles by weight.

While the obese and overweight groups had higher rates of hypertension and diabetes,

there was no difference in survival rates for the four BMI groups. Rather, a higher

BMI was associated with a trend towards improved survival. In a study of less

symptomatic patients, Lavie et al. (52) demonstrated that subjects with subsequent events

had significantly lower body weight compared with event-free survivors.
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Figure 4 Cumulative incidence of heart failure according to category of body mass index (BMI) at

baseline examination in the Framingham Heart Study. The BMI was 18.5 to 24.0 in normal subjects,

25.0 to 29.9 in overweight subjects, and 30.0 or more in obese subjects. Source: From Ref. 49.
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The mechanisms underlying the “obesity paradox” in heart failure remain unclear,

and recommendations for weight loss derived from the general population may not be

appropriate in patients with heart failure. Lower body weight may represent a relative

catabolic state in which an increase in proinflammatory cytokines causes myocardial

depression and ventricular remodeling (7). In addition, obese patients may have less

neurohormonal activation and increased nutritional or metabolic reserves compared with

non-obese patients. An alternative explanation is that increased cardiac output and

metabolic demands may lead to earlier diagnosis of heart failure in obese patients

(e.g., lead-time bias) or that obese patients have less severe myocardial dysfunction than

non-obese controls.

Pathophysiology

Clinical Factors

The pathophysiology of heart failure in obesity is complex and involves several

hemodynamic, neurohormonal and clinicopathologic features (Fig. 6). Hemodynamic

studies of morbidly obese subjects demonstrate relative volume expansion with increased

total circulating blood volume, stroke volume, and cardiac output but typically normal

cardiac index after taking into account increased body surface area (53,54). In a right heart

catheterization study of 10 obese subjects without heart failure or confounding risk factors,

such as diabetes and hypertension, de Divitiis et al. (53) demonstrated increased cardiac

output and stroke volume. Ventricular end-diastolic pressures and atrial pressures ranged

from normal to high and correlated with body weight. Measures of left ventricular

0.60

0.60

0.50

0.40

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

15 20 25 30 35 40
BMI

M
or

ta
lit

y 
R

at
e

Crude Mortality Rate
Unadjusted Mortality Rate (Polynomial Logistic Regression)

Figure 5 Association between body mass index (BMI) as a continuous variable and unadjusted

all-cause mortality in 7767 patients with stable heart failure enrolled in the Digitalis Investigative

Group trial. Each point represents the mortality rate associated with a BMI integer. Source: From

Ref. 3.

Diet, Metabolic Syndrome, and Obesity 45



function, such as the ratio of stroke work index to left ventricular end-diastolic pressure,

were reduced and correlated inversely with the degree of obesity. A study using

radionuclide angiography showed similar results: compared with lean subjects, over-

weight and moderately obese individuals had increased cardiac output, stroke volume,

end-systolic volume, total blood volume, and total plasma volume with decreased ejection

fraction (55).

Non-invasive studies have also explored the relationship among obesity, left

ventricular mass, and hemodynamics. In the Hypertension Genetic Epidemiology Network

Study, 1577 non-diabetic hypertensive subjects underwent assessment of cardiac structure

and function by echocardiography and free-fat mass by bioimpadance (56). Free-fat mass

increased in relation to weight, and correlated positively with stroke volume and cardiac

output and inversely with total peripheral resistance. In addition, increased free-fat mass

was directly related to left ventricular mass. In the Framingham Heart Study, BMI was a

strong independent predictor of left ventricular chamber dilation (57) and hypertrophy (58)

in both men and women, with hypertension having an additive effect on

ventricular remodeling.

Neurohormonal factors may also play an important role linking obesity to heart

failure. Activation of the sympathetic nervous and renin-angiotensin-aldosterone systems

are characteristic of obese hypertensive patients and play an important role in ventricular

and vascular remodeling in heart failure (59). Alterations in blood rheology due to

neurohormonal activation, including increased blood viscosity, hematocrit, and fibrinogen

may exert additional stress on the myocardium (60,61). Other contributors to left

ventricular dysfunction include vascular injury potentiated by an atherogenic lipid profile

and coronary arteriopathy (62), and insulin resistance, which may stimulate myocardial

hypertrophy through activation of insulin-like growth factor-1 receptors (63).

In the United States the most common etiology of dilated cardiomyopathy is ischemic

heart disease, and obesity is a well-recognized risk factor for coronary atherosclerosis (64).

Obesity is also associated with known risk factors for ischemic heart disease including

hypertension, dyslipidemia, and diabetes. In patients without atherosclerosis, hypertension

and diabetes are independent risk factors for the development of dilated cardiomyopathy. In

particular, elevated glucose levels may cause accumulation of advanced glycosylation end

products, LDL oxidation, endothelial dysfunction, and myocardial oxidative stress (65).

Echocardiographic assessment of children and adolescents with type I diabetes

demonstrates sub-clinical abnormalities in cardiac structure and function, including left

ventricular dilation and impaired relaxation (66). In adult studies, glucose intolerance is
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Figure 6 Clinical and pathophysiologic factors contributing to the development of heart failure in
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directly related to the development of left ventricular hypertrophy (67) and the risk of new

onset heart failure (68). Other clinical features linking obesity and the development or

progression of heart failure include increased dietary sodium intake (69) and obstructive

sleep apnea (70).

Pathologic studies have also demonstrated an adverse effect of obesity on ventricular

size and coronary anatomy. In a postmortem study of 12 patients weighing more than

300 pounds, the heart weight and right ventricular size were increased in all subjects, and

the left ventricle was enlarged in 11 of 12 (71). Although only two patients had one or

more coronary arteries narrowed by greater than 75%, virtually all patients had some

degree of early arteriosclerosis. With regard to the existence of a distinct cardiomyopathy

of obesity, additional evidence derives from a clinicopathological study of 43 markedly

obese patients with heart failure (72). Compared to 409 non-obese patients with heart

failure, obese subjects had higher filling pressures and cardiac output, and were more

likely to have a final diagnosis of idiopathic dilated cardiomyopathy. Mild myocyte

hypertrophy was the most common finding on endomyocardial biopsy.

Basic Mechanisms

Obesity is associated with increased plasma levels of leptin, and hyperleptinemia has been

linked with the development and/or progression of heart failure (73). In vitro studies using

isolated myocytes (74) or perfused hearts (75) demonstrate that acute leptin exposure

exerts growth-promoting effects on the myocardium and causes mechanoenergetic

uncoupling. Chronic exposure of myocytes to leptin impairs basal and stimulated

contractile function and slows relaxation (76). Intact animal studies also support a

pathophysiologic link between hyperleptinemia and heart failure that is mediated in part

by activation of the sympathetic nervous system (77). The mechanisms underlying the

direct myocardial depressant effects of leptin remain unclear, although increased

production of myocardial nitric oxide synthase (78,79) and activation of cardiac fatty

acid oxidation may play important roles.

Experimental models of hypertension and diabetes also provide evidence linking

obesity and heart failure. Isolated myocytes from hypertensive (80) or pre-diabetic (81)

rats with obesity demonstrate impaired contractile function and prolonged relaxation.

Furthermore, mouse models of diabetic cardiomyopathy are characterized by increased

myocardial fatty acid oxidation, decreased glucose uptake and oxidation (82), activation of

apoptosis, and accumulation of intramyocyte lipid (83). Genetic markers of hypertrophic

growth and cardiac remodeling are turned on in these models.

Clinical clues linking obesity and cardiomyopathy have also been described. In non-

obese subjects, elevated plasma leptin levels are associated with increased sympathetic

tone and abnormal baroreceptor function (84). In hypertensive patients, hyperleptinemia is

associated with increased heart rate (85) and blood pressure (86), left ventricular

hypertrophy (87) and impaired relaxation (88). While the stimuli for increased leptin

production in obesity remain unclear, endothelin-1 has been implicated. Plasma

endothelin-1 levels are elevated in patients with heart failure in relation to disease

severity, and have been shown to stimulate leptin secretion by adipose tissue (89).

Diagnostic Considerations

The clinical evaluation of heart failure is difficult in the obese patient due to body habitus

and the presence of comorbidities. Symptoms such as fatigue and weakness are frequently

present but are non-specific and may be due to obesity rather than to decreased cardiac
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output. Symptoms of left-sided congestion such as shortness of breath are also difficult to

sort out in the obese patient. Exertional dyspnea is a common complaint, and orthopnea

and paroxysmal nocturnal dyspnea may be due to chronic obstructive pulmonary disease,

gastroesophageal reflux, or sleep apnea. Right-sided congestive symptoms such as

bloating, right upper quadrant pain and lower extremity edema are common in obesity.

Jugular venous distention may be difficult to visualize in patients with short, thick necks,

while assessment of hepatomegaly may be limited by body habitus. Venous stasis or prior

episodes of thrombophlebitis may complicate the assessment of lower extremity edema,

while truncal obesity may limit palpation of the cardiac impulse and auscultation for

gallops and murmurs. Similarly, examination of the lungs is relatively insensitive due to

hypoventilation and excess soft tissue.

While B-type natriuretic peptide levels have been proposed as a surrogate marker for

volume status in heart failure (90), they are lower in obese patients (Fig. 7) and may be

falsely normal in severely obese patients with marked volume overload (91,92).

Given the limited reliability of the history and physical examination for assessing

heart failure in obesity, clinicians must rely on non-invasive imaging for patient

management. The chest x-ray may support the diagnosis of heart failure when there is

cardiomegaly, evidence of pulmonary venous hypertension, or both. Pleural effusions may

be differentiated from atelectasis or elevated diaphragms, while non-cardiac causes of

dyspnea such as chronic obstructive pulmonary disease may be ruled out. Enlargement of

the main pulmonary artery and right ventricle with tapering of the peripheral pulmonary

vasculature may suggest pulmonary hypertension secondary to chronic left ventricular

failure, sleep apnea, or hypoventilation.

The echocardiogram is a relatively sensitive and specific tool to evaluate heart failure

in obese subjects. Transthoracic echocardiography can define chamber size and function,

identify abnormal valvular structure and function, and estimate pulmonary artery systolic

pressure. Newer techniques such as tissue Doppler or strain rate imaging can be used to

assess diastolic function and estimate left ventricular filling pressure (93). For obese patients

in whom acoustic windows are limited, transesophageal echocardiography may be

performed to assess cardiac structure and function, although respiratory status must be
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Figure 7 B-type natriuretic peptide levels in 318 patients with heart failure were significantly

lower in obese patients (BMIR30 kg per m2) compared to overweight (BMIR25 to 29 kg per m2) or
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monitored closely. Alternative imaging techniques include cardiac magnetic resonance

(MRI) and positron emission tomography, assuming that the patient meets the weight limits

of the exam table and, in the case of MRI, does not have an implantable device.

Treatment of Obesity

Several studies suggest that weight loss may be an important intervention for regression of

left ventricular hypertrophy and prevention of heart failure in obesity. Case reports of

extreme weight loss induced by biliopancreatic diversion have demonstrated near

normalization of cardiac structure and function (94,95). Alpert et al. (96) performed

echocardiograms on obese patients before and following bariatric surgery and found that

weight loss was associated with reductions in left ventricular chamber size, wall stress, and

mass, and with an improvement in diastolic function. In an observational study of patients

undergoing gastroplasty compared with controls treated with diet alone, weight loss

following surgery correlated with LVH regression independent of reduction in blood

pressure (97). Conventional weight reduction through intensive diet and exercise has also

been shown to reduce left ventricular mass (98).

While LVH regression is associated with improved outcomes in hypertensive

patients (99), there are no data demonstrating reduced cardiovascular events with

sustained weight loss in obese patients with LVH. This may be due to the difficulty in

maintaining weight loss in this population or the lack of long-term outcomes data among

obese patients undergoing bariatric surgery. In addition, there are serious risks associated

with bariatric surgery, including pulmonary embolism and respiratory failure, which may

be increased in obese patients with LVH, heart failure, or both (100).

Treatment of Heart Failure

Patients with obesity and heart failure should be treated with pharmacologic therapy as

recommended by American College of Cardiology/American Heart Association

guidelines (23). If clinical evaluation suggests fluid retention, standard loop diuretics

should be administered to decrease intra- and extravascular volume (see chapter 5) (101).

Given the limitations of the physical exam and chest x-ray for assessing volume status in

obese patients, endpoints for therapy include the development of prerenal azotemia or

other evidence of excess diuresis such as lightheadedness, postural hypotension, or

excessive thirst. Careful attention should be given to electrolyte repletion and adjustment

of vasodilators as dictated by orthostatic vital signs. Potassium-sparing diuretics may be

added to loop diuretics to lessen the need for potassium repletion and decrease the risk of

arrhythmia. In addition, aldosterone receptor blockade has been shown to reduce

morbidity and mortality in patients with post-myocardial infarction left ventricular

dysfunction or advanced heart failure (102,103).

Both ACE inhibitors and angiotensin receptor blockers (ARBs) improve the

prognosis of patients with heart failure and reduced ejection fraction (31,104). While

current guidelines state that ACE inhibitors should be used over ARBs, unless the patient is

intolerant due to cough or angioedema, recent data from the Candesartan in Heart Failure

Reduction in Mortality (CHARM) (104) and Valsartan in Acute Myocardial Infarction

(VALIANT) (105) studies suggest equal efficacy of ACE inhibitors and ARBs in reducing

morbidity and mortality in heart failure. Further reduction in events, heart failure

hospitalizations in particular, may be gained by adding an ARB on top of an ACE inhibitor

(106,107). Antagonists of the renin-angiotensin-aldosterone system should be titrated to
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doses demonstrated to be clinically effective in randomized controlled trials (108).

However, achieving target doses may be limited by the development of hypotension,

worsening renal function and/or hyperkalemia (109).

The combination of hydralazine and isosorbide dinatrate is indicated as alternative

vasodilator therapy in patients who are intolerant to ACE inhibition or angiotensin

receptor blockade. In the African-American Heart Failure Trial (A-HeFT), hydralazine

and nitrates improved survival in black patients with advanced heart failure when added to

standard therapy with neurohormonal antagonists (110).

Beta-blockers reverse ventricular remodeling, decrease the risk of sudden death and

heart failure hospitalizations, and prolong survival in heart failure (see chapter 7) (111).

Carvedilol and metoprolol CR/XL are currently approved for the treatment of heart failure

and have similar beneficial effects on outcomes (112,113). The choice of an agent should

be individualized. Metoprolol CR/XL, a beta-1-selective blocker, is dosed once daily and

may be preferable in patients with reactive airways disease or for improved compliance.

Alternatively, due to its favorable effects on insulin sensitivity and lipid metabolism,

treatment with carvedilol, a non-selective beta-blocker with alpha-blocking properties

may be preferred among insulin resistant patients with dyslipidemia (114,115). In a large

study of patients with type II diabetes and hypertension, treatment with carvedilol was

associated with stable hemoglobin A1c, improved insulin sensitivity and decreased

progression to microalbuminuria compared to metoprolol (116).

Digitalis is approved as adjunctive therapy for patients who remain symptomatic

despite ACE inhibitor, beta-blocker, and diuretic therapy (see chapter 8). In the Digitalis

Investigation Group (DIG) trial, digoxin had no effect on survival but reduced the rate of

hospitalization both overall and for worsening heart failure (117). However, a subsequent

analysis from the DIG trial demonstrated that increased serum digoxin levels may have an

adverse effect on survival (118). In obese patients, digoxin doses less than or equal to

0.25 mg per day should be administered with a target serum digoxin level range of 0.5 to

0.8 ng/mL. Decreased doses should be used in the setting of worsening renal function or

following the addition of amiodarone.

Treatment of Comorbidities

Diabetes

Obesity is a strong, independent risk factor for the development of diabetes in children

(119) and adults (120), and important considerations must be given to the treatment of

diabetes in overweight and obese patients with heart failure. Diet and exercise are

important non-pharmacologic measures to improve insulin sensitivity in type II diabetes,

and exert beneficial effects in heart failure. Thiazolidinediones (TZDs) have important

ancillary effects on lipid metabolism, endothelial function, and inflammatory cytokines

(121), but should be used cautiously as they increase intravascular volume by 6%–7%.

Edema is usually peripheral rather than central, is exacerbated by concomitant

administration of insulin, and usually resolves upon drug withdrawal (122). While

concerns about exacerbating heart failure have led to United States Food and Drug

Administration warnings against the use of TZDs in patients with NYHA class III or IV

heart failure, preliminary data in diabetic patients show that rosiglitazone had no adverse

effect on cardiac structure or function over one year (123). Metformin, another popular

insulin sensitizer, is associated with a low risk of life-threatening lactic acidosis and is

contraindicated in patients with “heart failure requiring pharmacologic therapy.” Despite
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cautionary alerts, nearly one-fourth of Medicare beneficiaries with heart failure are

treated with either a TZD or metformin (124).

Dyslipidemia

Dyslipidemia is common in patients with obesity and heart failure, and all patients should be

managed according to the National Cholesterol Education Program Adult Treatment Panel

III guidelines (125). For patients with ischemic heart disease and elevated low-density

lipoprotein levels, statins represent first-line therapy (see chapter 9). Retrospective data

suggests that statins improve survival in patients with ischemic and non-ischemic heart

failure regardless of the presence of obesity (126). In patients with the metabolic syndrome,

it is important to remember that statins will not necessarily correct abnormalities of high-

densitiy lipoprotein and triglycerides. Hypothyroidism should be ruled out, and the addition

of niacin or fibric acid should be considered. A diet low in saturated fat and cholesterol and

regular exercise (see chapter 4) are additional components of lipid management in heart

failure patients with the metabolic syndrome.

Sleep Apnea

Recent studies suggest that at least 50% of patients with heart failure have sleep apnea (see

chapter 17) (70), and screening is therefore strongly recommended in obese patients.

Obstructive sleep apnea (OSA) occurs in the setting of fat accumulation in the pharynx and

luminal narrowing that results in hypoventilation (70). Among heart failure patients, the

prevalence of OSA ranges from 11% to 37% (127,128). Central sleep apnea (CSA) develops

as a consequence of heart failure where pulmonary congestion and periodic arousals

stimulate hyperventilation and hypocapnea triggering a central apnea (129). Sleep apnea

may also contribute to heart failure progression through hypoxia, adrenergic stimulation,

and loss of vagal tone. Treatment of OSA with nocturnal continuous airway pressure

(CPAP) improves sleep architecture, reduces daytime blood pressure, and enhances cardiac

function (130). The role of CPAP in CSA remains unclear, although a Canadian trial failed

to demonstrate reduced morbidity and mortality (131).

Venous Thromboembolism

Obesity and heart failure are significant risk factors for deep venous thrombosis (DVT)

and pulmonary embolism (PE) (132). Screening for DVT/PE is indicated when patients

present with unilateral or asymmetric bilateral lower extremity edema, pleuritic chest pain,

increased shortness of breath, and/or presyncope. Diagnostic studies include plasma

D-dimer levels, lower extremity venous ultrasound, and high-resolution chest CT (133).

Transthoracic echocardiograph and B-type natriuretic peptide levels may be used for risk

stratification of acute PE (134). Obese patients with dyspnea on exertion out of proportion

to findings of heart failure should be evaluated for chronic recurrent pulmonary emboli.

Hospitalized patients should be prophylaxed against thromboembolic complications with

low-molecular-weight heparin.

TRANSPLANT CONSIDERATIONS

Pre-transplant cachexia and morbid obesity predict worse outcomes after cardiac

transplant. In an analysis of 4515 patients in the Cardiac Transplant Research

Database, percent ideal body weight !80% or O140% was a risk factor for increased

Diet, Metabolic Syndrome, and Obesity 51



mortality post-transplant (135). In men and women under age 55, obesity was also

associated with infection but not with acute rejection or cardiac allograft vasculopath. In a

retrospective, single-center study of 474 transplant patients, morbidly obese (BMI O30 kg

per m2) and cachectic (BMI !20 kg per m2) recipients had 30-day mortality rates of

12.7% and 17.7%, respectively, compared with 7.6% in normal or overweight patients

(136). The development of cardiac cachexia while awaiting cardiac transplant, particularly

in patients who are inotrope-dependent, is a relative indication for mechanical cardiac

assist. Nutritional status should be followed closely with daily calorie counts and serial

measurement of serum pre-albumin levels.

Obese patients with heart failure are often followed for longer periods of time before

they are considered suitable candidates for cardiac transplant. This delay is due in part to

the difficulty in distinguishing signs and symptoms of heart failure from those related to

obesity, as well as, to concerns related to impaired post-transplant survival.

Cardiopulmonary exercise testing and right heart catheterization can be used to risk

stratify potential transplant candidates by providing objective measures of peak functional

capacity and hemodynamics, respectively. Once listed for transplant, obese patients may

have trouble finding a suitable donor matched for body weight. For patients who develop

progressive cardiac failure despite inotropic support, mechanical cardiac assist has been

used successfully as a bridge to cardiac transplant (see chapter 23). While obesity, is not

associated with impaired survival in ventricular assist device patients, the risk of

reoperation and renal dysfunction is higher (137).

In addition to impaired survival, retrospective studies demonstrate that transplant

recipients who are obese experience decreased quality of life (138) after heart transplant.

Problems related to obesity, including sleep apnea (139) and diabetes, are further

exacerbated by additional weight gain due to corticosteroid use.
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INTRODUCTION

Heart failure (HF) is a complex clinical syndrome with a multipart pathophysiology

involving a wide variety of cells, tissues, organs, and organ systems. Whereas systolic HF

remains commonly conceptualized in terms of impaired heart pumping function, i.e., a

heart that is unable to pump to meet the body’s needs with normal intracardiac chamber

pressures, this textbook has accentuated the contrasting principle that HF pathophysiology

extends well beyond the heart, including a constellation of peripheral effects that are

integral to HF’s notorious course (Fig. 1). Whereas resting pump function relates poorly to

exercise capacity, a variety of extra-cardiac HF effects have significant bearing on

functional limits. Given that exercise training modifies many tissues and organ systems,

there is compelling rationale for its use to modify the systemic nature of HF. Consistently,

exercise training has been demonstrated to modify many peripheral manifestations of HF

with associated functional improvements. In this chapter, we will, therefore, review salient

aspects of peripheral HF pathophysiology as a perspective from which benefits of exercise

training can be highlighted. We will then review some of the trial data demonstrating

utility of exercise training for systolic HF, and clarify related details regarding training

strategies and safety.

HEART FUNCTION AND FUNCTIONAL CAPACITY

Reduced cardiac output is a critical component of systolic HF. A wide range of

circumstances can lead to initial cardiac weakening but, irrespective of etiology, the fall in

cardiac output triggers a subsequent cascade of physiological sequelae that tends to be

fairly homogeneous. Cardiac dilation is common as myocytes stretch to facilitate the

increased preload due to neurohormonal stimulation and volume retention. However,

continued heart dilation ultimately results in deterioration of contraction along with

worsening valvular regurgitation and arrhythmia (1).

While systolic HF management emphasizes medications that modify the pattern of

progressive cardiac changes, such therapy does not always correlate with functional
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improvements (2,3). In fact, even among patients taking all recommended cardiac

medications, functional capacity often erodes, and the resulting exercise intolerance is

associated with increasing mortality and morbidity, as well as reduced quality of life

(QOL) (4,5). Given the risks associated with functional decline, it seems key to broaden

therapeutic goals to include (and prioritize) strategies that enhance functional capacity.

Although resting heart function does not predict exercise capacity, the ability of

cardiac output to increase in association with exercise corresponds to maximal functional

capacity (6). Therefore, increased vascular resistance, greater mitral regurgitation, and

reduced maximal heart rate are among the pathophysiological factors in HF that can

diminish exercise tolerance. Whereas treatment of angiotensin II, noradrenaline, and other

neurohormones is often emphasized in terms of goals to modify their adverse impact on

cardiac structure and function (e.g., remodeling, arrhythmia, and LV ejection fraction),

these neurohormones also increase vasoconstriction, vascular resistance, and ventricular

afterload, i.e., burdens that limit maximal cardiac output and tissue perfusion, and which

induce exercise limitations (7). Similarly, diminished endothelial nitric oxide from HF

(aka endothelium-derived relaxing factor) (8–10) exacerbates afterload stresses, especially

during exercise, adding to functional limitations. Nitric oxide-mediated endothelial

dysfunction also limits coronary artery flow reserve, which predisposes to constrained

maximal cardiac output (11) (i.e., ischemia provoking inotropic and lucitropic

dysfunction, reducing stroke volume and cardiac output). Autonomic dysfunction from

HF also worsens functional limitations through vasoconstriction (excessive a-stimulation)

and diminished chronotropic reserve (reduced maximal heart rate) (12).

Related to elevated neurohormones is a pervasive HF proinflamatory state that

impacts functional capacity (13). Elevated TNF-a, IL-1b, and iNOS are typical, along

with reduced IGF-1 and high oxidative stresses. In skeletal muscle, inflammatory stimuli

trigger altered cell signaling patterns and abnormal metabolism, and bring about a typical

HF myopathy, i.e., intrinsic skeletal muscle changes that are independent of flow. Muscle

fatigability is commonly increased since reduced muscle oxygen uptake, increased lactate

build-up, and lower pH are among the many myopathic features associated with exercise

limitations (14). Muscle wasting is also associated with HF as part of the inflammatory
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process, but functional decline typically precedes muscle loss, with muscle atrophy then

exacerbating antecedent functional decline.

Phenotypic changes in HF skeletal muscle myopathy include reduced type I aerobic

fibers (slow twitch) and increases in less aerobic type II fibers (fast twitch). Histopathology

analyses also show decreased fiber sizes (both type I and II) as well as reduced number and

altered structure of mitochondria (15). More fundamentally, studies demonstrate altered

skeletal muscle physiology, including shifts in aerobic enzyme distribution from myosin

heavy chain 1 (MHC1) slow oxidative towards myosin heavy chain 2a (MHC2a) fast

oxidative and myosin heavy chain 2b (MHC2b) fast glycolytic isoforms (16), decreased

levels of mitochondrial creatine kinase (17), as well as downregulation of the

sarcoplasmatic reticulum Ca-ATPase 1 (SERCA-1) (18).

Symptoms of exercise intolerance and dyspnea in HF also relate to skeletal muscle

changes in the diaphragm (19). Dyspnea is commonly disproportionate to exercise load,

with excessive increases in minute ventilation and significantly steeper slopes of minute

ventilation by carbon dioxide output (20,21). Furthermore, increased ventilatory dead

space also leads to ventilation–perfusion mismatch (21) and breathing limitations.

EXERCISE TRAINING IN HF

Rationale for exercise training for HF was first explored as part of a broader study of cardiac

rehabilitation for coronary artery disease (CAD) patients who had suffered MI or under-

gone bypass surgery (22). In small, seminal, nonrandomized studies of cardiac rehabilita-

tion in post-MI patients with LV dysfunction, exercise training improved work capacity

and peak oxygen consumption. Furthermore, these trials began to illuminate the peripheral

physiological benefits derived from exercise training that facilitated functional gains (23).

Since 1990, there have been multiple prospective, randomized, controlled studies

specifically evaluating exercise training in HF patients (24–31) (Table 1). Most of these

studies have been small trails, involving patients with both ischemic and non-ischemic

cardiomyopathy, and typically NYHA class II or III HF. Training regimens varied but

most studies used bicycle ergometers or walking at 50% to 70% peak VO2, 3 to 7 times

per week. Some of the training programs involved supervised exercise sessions, others

involved independent exercise at home, or training combinations. All of the studies were

single-center and were underpowered to meaningfully evaluate morbidity and mortality.

Most of these investigations focused on exercise capacity before and after training

as the primary outcome. Peak oxygen utilization (VO2) or oxygen utilization at ventilatory

threshold is commonly used as the most objective and reliable measurements of functional

capacity while duration of exercise and/or distance walked in a fixed time are also

commonly used indices of exercise performance. Trial data consistently substantiate

significant gains from exercise training (4).

Improved endothelial performance is a key benefit underlying functional gains from

exercise training. After training, exercise-mediated endothelial nitric oxide release signifi-

cantly increases among HF patients, (9,10,32), with reduced afterload stress and improved

coronary perfusion. Vasoconstricting neurohormones also decrease after exercise training,

with reduced afterload stress (33).

Some investigators have attributed functional improvements after exercise training

in part to central cardiac training benefits (24), citing improved ventricular filling (34) and

even enhanced cardiac perfusion (30). However, all such benefits may also be attributable

to improved vascular flow responses, i.e., central cardiac changes resulting secondarily

from improved coronary artery flow and reduced afterload pressures (35).
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A significant body of literature has also explored skeletal muscle changes in HF

patients undergoing exercise training (15,36,37). Hambrecht et al. showed improved

metabolism, with increased surface density of cytochrome c oxidase-positive mitochon-

dria as the result of a training program, with these mitochondrial changes correlating

closely to peak VO2. Likewise, exercise training induced a re-shift from fast-twitch type II

fibers to slow-twitch type I fibers (15). Investigations have also emphasized that most

skeletal muscle morphological and metabolic training-related improvements among

exercising HF patients are independent of vascular flow.

On an even more basic level, exercise training has been demonstrated to modify HF

inflammation. Gielen et al. showed that expression of IL-1b and TNF-a decreased in the

quadriceps muscle after longterm exercise training in HF patients (38). Reduced iNOS and

increased IGF-1 also occurred (39).

Among the other benefits of exercise training for HF patients autonomic function

is improved. Training is associated with decreased resting plasma norepinephrine

(40,41), improved heart rate variability (HRV) (42), and reduced sympathetic peroneal

nerve activity (25). A body of medical literature also describes a reduced ergoreflex

among HF patients who exercise. The ergoreflex involves stimulation of skeletal

muscle afferent fibers (particularly in an acidotic milieu) that provoke excessive

sympathetic stimuli and tachypea (43). In particular, Peipoli et al. has demonstrated

utility of exercise training to modify this HF pathophysiology (44).

Improved ventilatory responses after exercise training have also been reported (45).

This may relate to improved skeletal muscle performance (including diminished lactate

production that triggers tachypnea) and strengthening of the diaphragm, as well as to

diminished ergoreflex and improved ventilation/perfusion matching in the lung (21).

Table 1 Selected Exercise Training Trials

Authors

Training

intensity

Training

duration

(min) Training mode

Training

frequency

(d/wk)

Peak VO2

(mL kgK1 minK1)

(before/after)

Roveda

et al. (25)

HR at anaero-

bic threshold

25–40 Bike 3 T: 14.8/20.6;

C: 16.6/17.5

Hambrecht

et al. (15)

70% of peak

VO2

R40 Bike 7 T: 17.5/23.3;

C: 17.9/17.9

Keteyian

et al. (26)

60% initial,

then 70-80%

of peak VO2

33 Bike, walk, row 3 T: 16.1/18.4;

C:14.6/15.3

Linke et al.

(27)

70% of peak

VO2

60 Bike ergometer 6 T: 16.0/19.4;

C: 16.9/16.3

McKelvie

et al. (28)

60-70% peak

HR

30 Bike, arm erg-

ometer, resist-

ance training

3 T: 14.2; C:13.8

Keteyian

et al. (29)

50-60% initial,

then 70-80%

of peak VO2

30 Bike, walk, row 3 T:16.3/18.6;

C: –/–

Belardinelli

et al. (30)

60% of peak

VO2

40 Bike 2–3 T:15.7/19.9;

C: 15.2/16.0

Giannuzzi

et al. (31)

60% of peak

VO2

30–60 Bike, walk 3–7 T: 13.8/16.2;

C: 13.8/13.7

Abbreviations: HR, heart rate; VO2, volume of oxygen consumed; T, treatment, before/after training; C, control,

before/after training.
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SAFETY OF EXERCISE TRAINING IN HF

Even as studies have touted the benefits of exercise training for HF, its safety has been

controversial. Whereas major cardiovascular complications are typically reported as only

one in 60,000 participant hours for cardiac patients participating in outpatient exercise

programs, concerns have been disproportionate regarding exercise training for HF

patients. This is in part because ventricular enlargement and dysfunction predispose to

added arrhythmia and hemodynamic risks (46). Furthermore, ischemic HF patients who

often have more extensive underlying CAD, may also have particular vulnerability to new

cardiac ischemic events. Concerns about exercise-induced cardiac remodeling are also

high, especially in the weeks and months following MI (and/or other acute triggers of

cardiac weakening). A small trial by Jugdutt et al. in 1988 seriously heightened clinical

concerns about exercise training when he reported worsening LV asynergy in post-MI HF

patients enrolled in a nonrandomized, controlled study (47). In that study, average LVEF

also dropped from 43% to 30% after 12 weeks of exercise training.

In response to the Jugdutt trial multiple randomized controlled trials of moderate- to

high-intensity exercise training have subsequently been completed. Investigators have

used rigorous echocardiographic and MRI techniques to more definitively explore for the

possibility of detrimental exacerbation of post-MI remodeling in HF patients as well as

remodeling in general among patients with non-ischemic cardiomyopathy (48,49,50). Not

only have these studies consistently refuted Jugdutt, they even demonstrated intrinsic

cardiac benefits from exercise, i.e., exercise training led to smaller heart sizes and

improved systolic function (31).

Likewise, apprehensions regarding arrhythmia, CAD, and other instabilities have

been carefully assessed. In 1999, Belardinelli et al. (30) conducted a one-year trial

involving 99 subjects that showed a 67% decrease in subsequent risk for deaths and

hospitalizations with exercise training. In their more recent AHA-consensus scientific

statement, Pina et al. reported on the careful evaluation of 21 exercise training studies

conducted in a total of 467 patients with chronic HF, and described low adverse event rates

(24). They described the most common sequelae as post-exercise hypotension, atrial and

ventricular arrhythmias, and worsening HF symptoms—risks which the scientific

statement asserts can be modified by careful patient selection and follow-up.

Currently, a multi-site, randomized clinical trial is underway to evaluate the clinical

effectiveness and safety of exercise training in patients with chronic HF. HF—A

Controlled Trial Investigating Outcomes of Exercise TraiNing (HF-ACTION) will report

its findings in 2008. HF-ACTION evaluates whether regular, supervised exercise that is

then followed by home-based exercise training influences clinical outcomes and quality of

life (QOL), and whether it does so in a safe and cost effective manner. Another particular

advantage of the trial includes the fact that it is large and conducted in many institutions—

features that respond to concerns regarding the limited generalizabity of the smaller

single-center trials that have heretofore dominated this field.

EXERCISE TRAINING MODALITIES

Given the safety concerns pertaining to HF patients and the notorious reductions in

exercise tolerance associated with HF, one might expect that exercise training modalities

and exercise prescription would be specialized and refined. However, based on available

data, exercise modalities remain similar to those used in people with normal systolic

function. Moreover, as stated in the AHA-consensus scientific statement, “agreement on a
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universal exercise prescription for this population does not exist” (24). All one can

ascertain about the training regimens from published reports is that any one of a variety of

aerobic training modalities and intensities have led to functional gains in NYHA class II or

III HF patients primarily through peripheral physiological changes. Studies also show that

training in isolated muscle groups can yield systemic benefits, implicitly justifying

training regimens limited to one part of the body (51). This is a useful consideration in

formulating a realistic training regimen for patients who often lack stamina or stability for

complex and/or lengthy exercise regimens. However, studies indicate that injury risk

increases if any particular joint is subjected to excessive biomechanical impact, giving

rationale for a training regimen that blends a variety of gentle maneuvers and that

assiduously avoids overstressing any particular joint (52). Published data also demonstrate

the value of ACE inhibitors and beta-adrenergic blockers during exercise training as the

best means to stabilize both the heart as well as peripheral physiology during exercise

training (53–55).

Prior to exercise training, all HF patients should be evaluated by a physician or

physician extender to screen for any cardiac or non-cardiac contraindications to exercise

(Table 2). Exercise should be initiated only for patients who have been in stable clinical

condition for at least 2–4 weeks. Clinical stability is defined as no change in symptoms,

weight, drug regimen, or NYHA class over this period. Safety concerns are highest in

patients who are sedentary at baseline, as exercise morbidity is greatest among those who

are beginning new exercise routines. Key clinical cues to consider during examination

include hemodynamic instability, brady or tachy arrhythmia, weight gain, JVD,

tachypnea, new gallops or murmurs, excessive ectopy, angina or ischemia on ECG.

Pre-exercise screening assessment with stress testing helps to detect patients most

susceptible to exercise-provoked instability, providing an opportunity to detect

arrhythmia, hemodynamic compromise, and ischemia. Not only can such detection be

useful in prompting additional medical interventions, it may also help identify patients

who might particularly benefit from direct supervision during their training sessions and/or

ECG monitoring during exercise. Stress testing also provides a useful means to formulate

an exercise training prescription, i.e., basing training intensity on a percent of VO2 or

maximum heart rate (see below).

Table 2 Contraindications to Exercise Training for Heart Failure Patients

Relative contraindications Absolute contraindications

Increasing weight over previous several days Signs or symptoms of congestion

Abnormal increase or decrease of blood

pressure with exercise

Complex ventricular arrhythmia at rest or

appearing with exertion

Resting tachycardia or excessive bradycar-

dia (unresponsive to exercise)

Implantable cardiac defibrillator with heart

rate limit set below the target heart rate for

training

New ECG abnormalities, worsening LVEF

by echo

New York Heart Association Functional

Class IV

Severe blood pressure changes, early

ischemic changes, or life-threatening

arrhythmia

Uncontrolled metabolic disorder

(e.g., hypothyroidism, diabetes)

Acute systemic illness or fever

Recent embolism or thrombophlebitis

Active pericarditis or myocarditis

Second (type II) or third-degree heart block

without pacemaker
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Exercise training should typically include an adequate warm-up, usually 10-15 min,

with warm-up longest in the most debilitated patients. Exercise duration is then usually

20-30 min, with cool-down thereafter. Most studies have used regimens of three to five

times a week, adding rest days particularly if patients are excessively fatigued. To avoid

musculoskeletal injury, low-impact exercise that avoids excessive stress on joints and

bones is preferable.

The benefit of ECG monitoring during exercise remains controversial. Whereas the

American Association of Cardiovascular and Pulmonary Rehabilitation recommends ECG

monitoring for patients with advanced HF (56), many published trials show safety of home

programs without such monitoring. However, more advanced HF patients and/or those

with the highest arrhythmic risks were excluded from published trials. Some of these

clinical concerns are modified by growing use of AICDs in HF management. These have

been demonstrated to be safe and advantageous among patients participating in an exercise

training regimen (57). Nonetheless, it raises the additional concern that training intensity

be carefully targeted to avoid heart rates that may inadvertently trigger the

defibrillator mechanism.

Benefits of exercise supervision are also debatable. Costs and logistics are notorious

impediments to exercise training in a cardiac rehabilitation-like setting, yet adherence,

training effects, and safety are more reliable in supervised settings. A supervised program

also affords opportunity for education, including advice on symptom recognition,

nutrition, understanding of the disease, medications, and compliance. If patients are to

exercise at home, they should be encouraged to exercise with someone else. This

partnering has been demonstrated to enhance both compliance and safety.

Table 1 summarizes some aspects of the modality, frequency, intensity, and duration

of exercise used in selected randomized trials. Based on trial data, it is reasonable to

assume that exercise should include a gross motor modality such as walking or biking,

performed for 30-40 min, three to five days per week, at an intensity that falls in the range

of 60% to 80% of peak VO2 or heart rate reserve. Since agreement on a universal exercise

prescription does not exist, an individualized training regimen that is sensitive to each

person’s needs, idiosyncrasies, and musculo-skeletal limitations is recommended.

Although exercise guidelines provide a training target, it is often necessary and/or

prudent to start patients at a lower level, e.g., 60% VO2 peak, particularly those that are

deconditioned at the onset. Furthermore, for all patients, higher intensities at the onset of a

training program might feel overwhelming and/or provoke injury, and serve to undermine

adherence. Interval training has also been demonstrated to be effective; frail patients often

do best with interval training that includes periods of rest. Whatever the initial regimen,

progression of exercise intensity is critical if functional capacity is to grow, especially as

the patient becomes better conditioned.

Coupled to exercise testing, air–gas exchange measurements (i.e., cardiopulmonary

stress testing) offer an objective assessment of functional capacity (at baseline or in

response to therapy)—one that assesses function in a way that incorporates physiology of

the heart, muscles, vasculature, lungs, and autonomic function in a provocative test

(58,59). Cardiopulmonary testing also provides an optimal gauge for exercise prescription

(a percentage of the VO2 peak or relative to the VO2 at the anaerobic threshold, aka

ventilatory threshold). Whereas some patients find the use of a snorkel or facemask in

cardiopulmonary testing to be somewhat cumbersome and unpleasant, new technologies

are making air-gas equipment easier for patients to tolerate. For stress testing HF patients,

it is important to select gentle exercise protocols that optimize accuracy of functional

assessment but do not overwhelm patients who are often frail and debilitated. Progressive

ramp protocols may offer some advantages over protocols that incrementally increase
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workloads in significant fixed stages. Although exercise testing on a treadmill is usually

better able provoke peak VO2 than exercise testing on a bicycle (since walking/running

exercise involves largest muscle mass), use of a cycle ergometer for a stress test may still

have advantages in patients for whom there are concerns regarding hemodynamic,

arrhythmic, and other destabilizing risks.

Some clinicians still use HR-derived exercise prescriptions as a primary means to

prescribe and guide exercise intensity. However, growing use of beta-blockers for HF

patients confounds these measures. The Borg scale is a convenient alternative (exertion

rated 6–20). Patients are encouraged to exercise at Rate of Perceived Exertion (RPE)

levels 12–13 (ventilatory threshold is typically associated with a Borg scale 13–15).

Although the majority of trials conducted to date have used aerobic activities

to improve function and exercise tolerance, some studies have studied and asserted value

for resistance training (aka strength training) (60,61) or regimens combining aerobic

and resistance training modalities (62). Rationale for resistance training is particularly

compelling in a disease that is associated with skeletal muscle myopathy, i.e. skeletal

muscle may be more efficiently modified by the direct muscle stimulation of resistance

training. Furthermore, initial strength training in a frail patient can often help him/her to

develop sufficient strength to tolerate an aerobic training component (63).

Based on the few published trials, resistance training intensity should be set at

50% to 60% of one-repetition maximum, with the patient starting with one set of 10 to 12

reps and then progressing to one set of 15 repetitions. Ideally, the exercises should include

all major muscle groups, including the upper body, which will likely augment capacities in

activities of daily living. This goal should be modified if any particular joint or muscle is

sprained or encumbered by arthritic limitations. As patients improve, lift load is typically

increased 5% to 10%. Further study of optimal strategy and safety of resistance training is

warranted in larger trials.

Resistance training for HF patients has been particularly controversial as many have

raised concerns regarding the potential for associated afterload pressures to provoke

instability. Ironically, resistance training in isolated muscle groups has been found to be

relatively well-tolerated and safe, and afterload stresses have not been found to be

excessive. Furthermore, elevated heart rate responses and arrhythmias are less likely than

with aerobic training modalities.

HEART FAILURE WITH NORMAL EJECTION FRACTION

With growing recognition of the widespread prevalence, morbidity, and mortality of

HF with normal ejection fraction (HFNEF), the value of exercise training for this type of

HF deserves consideration. While no definitive trial has yet studied benefits of exercise

training for HFNEF, diastolic filling abnormalities are usually a consequence of aging,

hypertrophy, ischemia, or some combination of these factors (64). For each factor,

exercise training is known to exert favorable effects (i.e., lowering blood pressure,

reducing LVH, and modifying age-related ventricular filling changes), with improved

diastolic filling among exercising adults. Furthermore, given that HFNEF is a disease that

is most common among older adults, exercise training may have particular benefit in

modifying the frailty that results when HFNEF occurs in a deconditioned elder (65).

Perhaps most important, it is now clear that many of the systemic effects of systolic HF

also occur with HFNEF. As such, there is strong rationale to promote exercise training as a

means to modify neurohormones, nitric oxide, inflammation, and other pathophysiological

mechanisms that are inherent to HF, no matter what the ejection fraction.
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EXERCISE ADHERENCE

While exercise benefits are reliably detected in patients participating in a regular exercise

program, benefits are not sustained after exercise is terminated. While multiple training

studies tout benefits of high intensity training for maximal physiological gains, adherence

to high intensity training is usually poor. Furthermore, musculoskeletal injuries are

greatest among those using high intensity regimens. Therefore, a key goal of exercise

training for HF patients is to establish exercise behavior that can be sustained in a lifelong

pattern (66).
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INTRODUCTION

Diuretics play an essential role in the management of patients with congestive heart

failure. Neurohormonal activation in patients with heart failure results in salt and water

retention that frequently leads to symptoms of dyspnea and edema. By inhibiting the

kidney’s ability to reabsorb sodium, diuretics reduce extracellular fluid volume and are

effective at rapidly reducing symptoms of congestion. The ability to relieve symptoms and

improve functional capacity has made diuretics first line agents in the treatment of heart

failure for the past several decades. Yet despite their universal acceptance, there are data

suggesting that diuretics may have detrimental vascular, hemodynamic, and neurohor-

monal effects, and with the exception of the potassium sparing class, the impact of

diuretics on mortality in patients with heart failure remains unknown. Because diuretics

were introduced prior to the advent of rigorous clinical trials with mortality endpoints,

they have escaped the scrutiny that other heart failure drugs have been subjected to.

Randomized clinical trials involving diuretics in the modern era would be considered by

many to be impractical if not unethical, and most heart failure trials performed today

require that patients already be on a stable dose of diuretic. As a result, the direct influence

of diuretics on cardiac performance, hemodynamic profile, ventricular remodeling,

neurohormonal activation, and long term survival in patients with heart failure remains

controversial and incompletely studied. This chapter will review the limited available

data, highlighting both the beneficial and potentially deleterious effects of diuretics in the

treatment of heart failure. Treatment strategies based on diuretic mechanisms of action and

pharmacokinetic properties will be presented, and therapeutic options for treating patients

with diuretic resistance will be discussed.

EFFECT OF DIURETICS ON HEART FAILURE SYMPTOMS

There is significant evidence that diuretics improve symptoms of heart failure and quality

of life (1) but only a few trials have compared diuretics with other drugs as monotherapy.

In one study of patients with moderate heart failure, increasing the dose of furosemide was
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more effective in relieving symptoms and improving exercise tolerance than adding

captopril (2). Furosemide was also more effective in relieving symptoms and improving

exercise tolerance when compared to the dopamine agonist ibopamine in a double-blind

crossover study (3). In an important study by Haerer et al., subjects with ischemic

cardiomyopathy and heart failure were randomized to either the loop diuretic piretanide or

placebo (4). Subjects receiving diuretic experienced significant improvement in subjective

symptoms, exercise tolerance, and pulmonary capillary wedge pressure compared to

controls. In a meta-analysis of randomized controlled trials, diuretics improved heart

failure symptoms and significantly increased exercise capacity when compared to other

agents (e.g., ACE inhibitors, digoxin, ibopamine) (5). There is also evidence that some

diuretics are more effective than others at relieving symptoms. In an open label study of

furosemide versus torsemide in 234 patients with chronic heart failure, those randomized

to torsemide had less dyspnea and fatigue and had significantly fewer hospital days for

decompensated heart failure (6). The observed differences may have been related to

torsemide’s superior bioavailability.

Exacerbation of heart failure symptoms has also been observed in studies where

diuretics were withdrawn. In a study by Grinstead et al., heart failure patients were taken

off a stable dose of diuretic and randomized to either lisinopril or placebo (7). After a

median of 15 days, 71% of the patients had to be restarted on diuretics due to worsening

symptoms of heart failure, irrespective of their randomization arm. A history of

hypertension, a baseline furosemide dose of greater than 40 mg/day, and a left ventricular

ejection fraction !27% were independent predictors of diuretic re-initiation. In a separate

small double-blind randomized crossover trial, well compensated patients developed

pulmonary congestion when switched from a diuretic to an ACE inhibitor (8). Finally,

Braunschweig et al. used an implantable cardiac monitor to demonstrate the relationship

between clinical and hemodynamic deterioration in a small group of patients taken off

furosemide (9).

HEMODYNAMIC EFFECTS OF DIURETICS

There are conflicting data regarding the direct effects of diuretics on myocyte contractility.

Bumetanide, but not furosemide or torsemide, produced concentration-dependent

increases in cell shortening and velocity of cell shortening in isolated rabbit ventricular

myocytes (10). In contrast, furosemide had a direct inhibitory effect on contractility in the

isolated perfused rabbit heart (11). In a separate study, furosemide had no effect on the

action potential, potassium exchange, or mechanical function of isolated rabbit

myocardium (12). In humans, diuretics have not been shown to have inotropic properties

but they influence cardiac performance primarily through their effects on the vasculature

and cardiac load (13). In patients with heart failure, the acute vascular effects of

furosemide have been studied most extensively and are discussed below.

Furosemide-Induced Venodilation

As early as 1967, it was observed that following furosemide administration, relief of heart

failure symptoms occurred prior to the onset of diuresis (14). This apparent extrarenal

mechanism of action was illucidated by Dikshit et al. in a group of patients with

pulmonary congestion following acute infarction (15). Within 5 min of furosemide

administration, there was a significant decrease in pulmonary capillary wedge pressure,
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which corresponded with increased calf venous capacitance, increased calf blood flow,

and a decrease in limb vascular resistance. All of these observations preceded peak

diuresis and natriuresis by several minutes, suggesting that the early effects of furosemide

were due to venodilation. Similar effects have been observed in healthy controls on

sodium restricted diets (16,17). It is unknown if the venodilatory effects of furosemide are

direct or indirect but the majority of evidence suggests that the mechanism may be

prostaglandin mediated (16–18). Increased angiotensin II following furosemide

administration may induce venous endothelial cell prostaglandin synthesis via the AT2

receptor. This hypothesis is supported by the observation that the venodilator response to

furosemide is attenuated by cyclooxygenase inhibitors(17,19) and ACE inhibitors (20).

Other diuretics have been studied less extensively but both thiazide diuretics(21) and

carbonic anhydrase inhibitors (22) may exert direct vasodilatory effects through vascular

potassium channel activation.

Furosemide-Induced Vasoconstriction

In contrast to the venodilation seen in patients with acute congestive heart failure,

furosemide infusion results in arterial vasoconstriction in patients with chronic heart

failure. Francis et al. demonstrated increased left ventricular filling pressure, mean arterial

pressure, and systemic vascular resistance, and decreased stroke volume in the first 20 min

after furosemide administration (23). Diuretic induced neurohormonal activation may

have accounted for these adverse hemodynamic effects since there was an associated

increase in plasma renin activity, norepinephrine, and arginine vasopressin (AVP).

Similarly, in a group of healthy volunteers, furosemide administration increased plasma

renin and pulmonary vascular resistance, and augmented the pulmonary vasoconstrictive

response to hypoxemia (24). The observation that the pressor response to furosemide can

be attenuated by ACE inhibitors in patients with heart failure suggests that these

hemodynamic effects are angiotensin II mediated(25).

NEUROHORMONAL EFFECTS OF LOOP DIURETICS

Renin–Angiotensin–Aldosterone System

Several studies have shown that prior to the initiation of diuretic therapy, the renin–

angiotensin–aldosterone system (RAAS) is not significantly stimulated in patients with

heart failure (26–29). Following the administration of diuretic, however, there is marked

RAAS activation (26,27,29–32). This occurs primarily due to volume contraction and

subsequent stimulation of baroreceptors and the macula densa. Both acute and chronic

diuretic administration can result in RAAS activation. An increase in plasma renin activity

has been observed within a few min of intravenous furosemide infusion (23,33). The

associated increase in systemic vascular resistance and decrease in cardiac output suggests

that the acute vasoconstrictor response to furosemide may be RAAS mediated. Elevations

in plasma renin activity, angiotensin II, and aldosterone have also been observed following

chronic oral furosemide use over days to weeks (26,27,29,30). Baylis et al. showed that

untreated patients with heart failure had normal renin and aldosterone levels both at rest

and following exercise. While exercise tolerance improved following a month of treatment

with furosemide and amiloride, there was also a significant increase in plasma renin and

aldosterone (26). In a substudy of the Studies of Left Ventricular Dysfunction (SOLVD),

elevated plasma renin activity was associated with chronic diuretic use (28). While RAAS
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activation may have long-term deleterious effects due to increased vasoconstriction,

sodium and water retention, and aldosterone mediated myocardial fibrosis (34), it is not

known whether loop diuretics potentiate these effects and thus lead to increased morbidity

and mortality.

Sympathetic Nervous System

An elevated plasma norepinephrine concentration is a marker of enhanced sympathetic

neural activity and correlates with worsening clinical status (35) and increased mortality

(36) in patients with heart failure. Numerous studies have shown that in contrast to the

RAAS, sympathetic nervous system (SNS) activity is increased prior to the initiation of

diuretics (26–28,37). In patients with heart failure and other critical illnesses, the acute

administration of furosemide causes a further rise in plasma norepinephrine that is

accompanied by an increase in systemic vascular resistance and a reduction in cardiac

output (23,33). In experimental animal models, vasoconstriction and increased plasma

norepinephrine in response to acute furosemide administration are attenuated by

intravertebral arterial infusion of angiotensin II antagonists (38) and the presynaptic a-2

receptor agonist clonidine (39). These agents do not inhibit the pressor response to

furosemide when given intravenously, suggesting that the acute vasoconstrictor effects of

furosemide are mediated by central sympathetic neural activation.

In contrast to the increase in plasma norepinephrine seen with acute diuretic

administration, most studies have demonstrated a decrease in SNS activity following

chronic diuretic use (26,27,37). Broqvist et al. showed a significant reduction in both

plasma epinephrine and norepinephrine concentrations within one day of receiving

furosemide, an effect that was maintained throughout the eight-day study period (27).

Baylis et al. demonstrated that a month of diuretic therapy in previously untreated heart

failure patients resulted in a decrease in plasma norepinephrine and an increase in

exercise tolerance (26). In New York Heart Association (NYHA) class IV patients

treated with diuretics and vasodilators, decreases in pulmonary capillary wedge pressure

and systemic vascular resistance were associated with a decline in plasma norepinephrine

concentration (37). There is also evidence that SNS activity can be influenced by the type

of diuretic used. In a study comparing the effects of the short-acting loop diuretic

furosemide to the long-acting loop diuretic azosemide, azosemide treatment was

associated with lower plasma norepinephrine and renin concentrations, and with an

improvement in quality of life (40). Because sympathetic neural activation can contribute

to heart failure progression through a variety of mechanisms that include peripheral

vasoconstriction, arrhythmias, induction of apoptosis (41), and cardiac remodeling (42),

reduction of SNS activity with chronic diuretic therapy may impact favorably on

myocardial function and survival.

Arginine Vasopressin

Few studies have examined the direct effects of diuretics on AVP in patients with heart

failure. Francis et al. observed an increase in AVP concentration within 10 min of

intravenous furosemide infusion. The concentration peaked at 30 min and returned to

baseline at one hour (23). In contrast, Broqvist et al. demonstrated a gradual and sustained

decline in AVP concentration when diuretics were administered over several days to heart

failure patients with congestion (27). In a substudy of the SOLVD, subjects with left

ventricular dysfunction had elevated plasma AVP concentrations compared to controls,
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but AVP concentrations were unaffected by the use of a diuretic (28). It is therefore

unclear from the limited available data whether diuretics have a direct effect on AVP

regulation. It is possible, however, that diuretics affect AVP indirectly by impacting on

other neurohormonal systems. For example, diuretics may impact on AVP regulation

through increased RAAS activation since angiotensin II is known to be an acute stimulus

of AVP release (43).

Prostaglandins

Administration of furosemide in vivo causes an acute increase in venous capacitance that

can be attenuated by cyclooxygenase inhibitors. This supports the idea that early

venodilation in response to furosemide is prostaglandin mediated. This has been observed

in salt restricted healthy adults (17), patients with acute heart failure following myocardial

infarction (15), and patients with chronic heart failure (19). In a study by Liguori et al.,

plasma levels of the prostaglandin prostacyclin (PGI2) were measured in heart failure

patients treated either with furosemide or torsemide (44). While both drugs increased PGI2

levels within a few minutes, levels were significantly higher in response to torsemide, and

only furosemide stimulated the release of the PGI2 antagonist thromboxane. In the same

study, cultured human endothelial and renal epithelial cells demonstrated enhanced PGI2

release after being treated with loop diuretics. The PGI2 release was detected within 5 min

and was maximal by 15 min, a time course consistent with the venodilation seen in

response to furosemide in vivo. In patients with heart failure being treated with diuretics,

the increased prostaglandin release may help to preserve renal blood flow by countering

enhanced RAAS activation. This may explain in part why the combination of diuretics and

nonsteroidal anti-inflammatory drugs can have deleterious effects in patients with heart

failure (45).

Natriuretic Peptides

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are secreted

primarily in response to the atrial and ventricular stretch that occurs with volume

overload (46–48). Diuretics would therefore be expected to decrease natriuretic peptide

secretion by reducing preload and cardiac volumes. In normal subjects, plasma ANP

levels increase following infusion of hypertonic saline and then fall significantly in

response to furosemide administration (49,50). Furosemide also lowers plasma BNP

levels in patients with refractory congestive heart failure (51). When patients with acute

decompensated heart failure are treated with diuretics and vasodilators, both ANP and

BNP levels decrease (37), and the fall in plasma BNP concentration correlates with the

decline in pulmonary capillary wedge pressure (52). Natriuretic peptide production may

also be affected by non-loop diuretics. Heart failure patients treated with spironolactone

have a reduction in plasma ANP and BNP (53). The associated decrease in plasma

procollagen type III aminoterminal peptide (a marker of fibrosis) and in left ventricular

volume and mass suggests that the influence of spironolactone on natriuretic peptide

secretion may be related to its effect on cardiac remodeling. It should be noted, however,

that not all heart failure patients treated with diuretics and vasodilators have a reduction

in natriuretic peptide levels (52,54). In the SOLVD substudy, patients in the treatment

group receiving diuretics did not have lower ANP levels than patients from whom

diuretics were withheld (28). Heart failure patients who do not manifest a decrease in
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BNP concentration following diuretic and vasodilator therapy appear to be at increased

risk of hospitalization and death (55,56).

EFFECT OF DIURETICS ON CARDIAC REMODELING

Loop Diuretics

In experimental animal models, loop diuretics do little to improve ventricular

remodeling and may, in fact, be deleterious. In a post-infarct rat heart failure model,

ramipril reduced fibrosis by enhanced interstitial collagenase expression, while

furosemide had no beneficial effect on remodeling (57). In a tachycardia-induced

porcine heart failure model, the administration of furosemide accelerated left

ventricular systolic dysfunction, increased serum aldosterone levels, and resulted in

impaired calcium handling (58). In humans, there is little data to support that loop

diuretics improve ventricular remodeling following acute myocardial infarction or in

patients with chronic heart failure. In a randomized, double-blind study, Sharpe et al.

compared the effects of captopril and furosemide on ventricular remodeling following

acute transmural myocardial infarction (59). Patients receiving captopril had a

reduction in left ventricular cavity size and improvement in ejection fraction over a

12 mo follow-up period. Similar beneficial effects were not observed with furosemide,

and patients in this group had a mild increase in cavity size and reduction in ejection

fraction. A more recent study has suggested that loop diuretics may have an impact on

myocardial fibrosis in patients with chronic heart failure (60). Right ventricular

endomyocardial biopsies were obtained to quantify collagen volume fraction (CVF),

and serum measurements were made of carboxy-terminal peptide of procollagen type I

(PIP), a marker of collagen type I synthesis. Patients treated with torsemide had a

reduction in CVF and PIP but these indexes did not change in patients treated with

furosemide. These results suggest that torsemide may reduce myocardial fibrosis by

inhibiting the extracellular synthesis of collagen type I. It is not known whether these

apparent anti-fibrotic effects contribute to the lower mortality seen in heart failure

patients treated with torsemide compared to furosemide (61).

Aldosterone Receptor Antagonists

Aldosterone plays an important role in cardiac remodeling (62) and aldosterone

antagonists such as eplerenone have been shown to attenuate experimental myocardial

fibrosis (63). In humans with heart failure, spironolactone decreases collagen formation

(64) and improves left ventricular size and systolic function (65). There is indirect

evidence from a substudy of the Randomized Aldactone Evaluation Study (RALES) that

the mortality benefit seen with spironolactone in patients with chronic heart failure may

in part be due to its anti-fibrotic effect (66). Elevated serum levels of procollagen types I

and III, markers of collagen synthesis, were strong predictors of mortality. Reduction of

these markers was associated with improved survival in patients treated with

spironolactone. Aldosterone antagonists also improve remodeling in post-infarct patients.

In a small randomized trial, the aldosterone antagonist canrenoate, when given in the

post-infarct period, resulted in reduction of ventricular volumes and collagen formation

(67). Similarly, spironolactone reduced collagen synthesis and improved cardiac function

when given immediately after myocardial infarction (68). These data suggest that a

beneficial effect on cardiac remodeling is a potential mechanism for the improved
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survival seen in patients receiving the aldosterone antagonist eplerenone following

myocardial infarction (69).

EFFECT OF DIURETICS ON MORTALITY

Loop Diuretics

Because loop diuretics are so effective at relieving symptoms in patients with congestive

heart failure, no placebo controlled trials have ever been done to study their effects on

survival. Faris et al. conducted a meta-analysis of randomized controlled trials that used

diuretics (e.g., furosemide, furosemide-hydrochlorothiazide) for the treatment of heart

failure (5). Three placebo-controlled trials (NZ221) showed an absolute risk reduction of

8% in patients treated with diuretics, but all trials were small and lacked statistical power

needed to demonstrate mortality reduction. There is evidence to support that loop diuretics

may increase mortality risk. Preliminary data from the Acute Decompensated Heart

Failure National Registry (ADHERE) database suggest that chronic diuretic therapy

increases in-hospital mortality in patients admitted with decompensated heart failure,

particularly those patients with renal dysfunction (54). In a retrospective analysis of the

SOLVD trial, there was an increased risk of death in patients taking non-potassium-

sparing diuretics compared to those taking potassium-sparing diuretics (70). Further,

compared with patients taking no diuretics, those being treated with non-potassium-

sparing diuretics had an increased risk of hospitalization or death due to worsening heart

failure (relative riskZ1.31, 95% confidence interval 1.09–1.57). In another retrospective

study of SOLVD patients, baseline use of a non-potassium-sparing diuretic was associated

with an increased risk of arrhythmic death (relative riskZ1.33, 95% confidence interval

1.05–1.69) (71). High diuretic doses were also found to be independently associated with

mortality, sudden death, and death due to pump failure in a retrospective study of 1153

heart failure patients enrolled in the Prospective Randomized Amlodipine Survival

Evaluation (PRAISE) trial (72). It is not possible to discern from this study whether high

diuretic doses were themselves harmful, or whether the need for higher doses identified a

sicker population with poorer outcome. The effects of different loop diuretics on morbidity

and mortality have also been compared. The Torasemide in Congestive Heart Failure

Study (TORIC) looked at the safety and efficacy of torsemide versus furosemide and other

diuretics in 1377 patients with mild to moderate heart failure. Though not designed to be a

mortality study, mortality was found to be significantly lower in the torsemide group

(2.2% vs. 4.5%, p!0.05) (61). This suggests that the pharmacokinetic differences of the

various loop diuretics may have an impact on long term survival.

Aldosterone Receptor Antagonists

The potassium-sparing aldosterone receptor antagonists are the only diuretics that have

been shown to reduce mortality in patients with left ventricular dysfunction and congestive

heart failure. The RALES study examined the effect of spironolactone on mortality in

patients with NYHA class IV symptoms with an ejection fraction %35% who were

already being treated with an ACE inhibitor and a loop diuretic (73). Patients receiving

spironolactone had improvement in functional class, a 35% decrease in the frequency of

hospitalization, and a 30% reduction in risk of death. A survival benefit was also observed

in post-infarct patients with left ventricular dysfunction and heart failure in the Eplerenone

Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS)

(69). Compared to placebo, patients receiving the aldosterone antagonist eplerenone had a
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decrease in overall mortality (relative risk Z 0.85), cardiovascular mortality (relative

risk Z 0.83), and sudden death from cardiac causes (relative risk Z 0.79).

DIURETIC PHARMACOLOGY

Diuretic Classification and Mechanism of Action

Diuretics are commonly classified by their specific sites of action within the tubule, which

also determine their maximal natriuretic effects (Table 1). The majority of filtered sodium

(w60–70%) is reabsorbed at the proximal tubule. This is facilitated primarily by carbonic

anhydrase which catalyzes the hydration of bicarbonate, resulting in the reabsorption of

both sodium and bicarbonate (74). Carbonic anhydrase inhibitors such as acetazolamide

interfere with proximal tubule sodium reabsorption (Fig. 1A). While one might expect a

proximally acting agent to produce a profound natriuresis, the carbonic anhydrase

inhibitors have limited efficacy for two reasons. First, most of the sodium escaping

reabsorption at the proximal tubule is reabsorbed downstream at the thick ascending limb

of the loop of Henle (74). Second, the inhibitory effect of these agents is diminished by the

metabolic acidosis that results from urinary bicarbonate loss (75). For these reasons,

carbonic anhydrase inhibitors are rarely used to treat patients with congestive heart failure.

Loop diuretics inhibit the NaC2ClKKC cotransporter at the thick ascending limb of

the loop of Henle (Fig. 1B). They are the most effective diuretics available and are capable

of blocking the reabsorption of essentially all of the sodium that is delivered to this part of

the tubule (20–30% of the total filtered sodium load). Because calcium is reabsorbed in

parallel with sodium at the thick ascending limb, loop diuretics can also cause a calciuresis

and can be used to treat hypercalcemia (74). The thiazide diuretics inhibit sodium

Table 1 Diuretic Types Listed by Sites and Mechanisms of Action

Diuretic type Examples

Maximum

effect (% of

filtered NaC

load) Site of action Mechanism of action

CA inhibitors Acetazolamide 3–5 Proximal

tubule

Inhibit CA

Loop

diuretics

Furosemide;

bumetanide;

torsemide;

ethacrynic acid

20–25 Thick ascend-

ing limb of

the loop of

Henle

Inhibit NaC2ClKKC

co-transporter

Thiazide

diuretics

Chlorothiazide;

chlorthialidone

hydrochloro-

thiazide;

metolazone

5–8 Early distal

tubule

Inhibit the NaCClK

co-transporter

Potassium-

sparing

diuretics

Amiloride;

triamterene;

spironolactone

2–3 Late distal

tubule and

collecting

duct

Inhibit NaC reabsorption by

blocking aldosterone or

epithelial NaCchannel

Abbreviations: CA, carbonic anhydrase; ClK, chloride; KC, potassium; NaC, sodium.

Source: Modified from Brater DC. Diuretics. In: Munson PL, Mueller RA, Breese GR, eds. Principles of

Pharmacology. Basic Concepts and Clinical Application. New York; Chapman and Hall, 1995:658.
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reabsorption by blocking the NaCClKcotransporter in the distal convoluted tubule

(Fig. 1C). Because only 5% of filtered sodium is reabsorbed in the distal tubule, these

agents have limited efficacy. When used in combination with loop diuretics, however, they

can induce significant natriuresis and diuresis (74).

In the principle cells of the collecting duct, the mineralocorticoid aldosterone

stimulates the synthesis of the epithelial sodium channel (ENaC) through which sodium is

reabsorbed in exchange for potassium and hydrogen ions (75). Potassium-sparing diuretics

inhibit sodium reabsorption by directly blocking ENaC (amiloride and triamterene) or the

aldosterone receptor (spironolactone; Fig. 1D). These agents have relatively weak

natriuretic and diuretic effects but are frequently used in combination with other diuretic

Figure 1 Schematic representation of the mechanism of sodium uptake inhibition by different

diuretics at their specific sites of action. Carbonic anhydrase inhibitors (CAI) interfere with luminal

sodium uptake in the proximal tubule (PT) through inhibition of carbonic anhydrase (CA) (A). Loop

diuretics block the NaC2ClKKC cotransporter at the thick ascending limb (TAL) of the loop of

Henle (B), and thiazide diuretics inhibit the NaCClKcotransporter in the early distal tubule (DT) (C).

Potassium-sparing diuretics inhibit sodium uptake in the late distal tubule and collecting duct (CD)

by directly blocking the epithelial sodium channel (e.g., amiloride) or by blocking the aldosterone

receptor (e.g., spironolatone) (D). Circles represent carrier systems, circles with ATP represent

energy requiring transporters, and arrows are ion channels/conductances. Abbreviations: Aldo,

aldosterone; Furos, furosemide; HCTZ, hydrochlorothiazide; R and MR, mineralocorticoid receptor.

Source: From Gregef R. New insights into the molecular mechanism of the action of diuretics.

Nephrol Dial Transplant 1999; 14:537.
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classes to help reduce kaliuresis. Spironolactone is also the only diuretic known to improve

survival in patients with NYHA class IV symptoms of congestive heart failure (73).

Diuretic Pharmacokinetics

General Concepts

The pharmacokinetic properties of some of the commonly used diuretics are shown in

Table 2. With the exception of spironolactone, all diuretics must reach the lumen of the

renal tubule in order to be effective. Once absorbed into the bloodstream, diuretics have

a high degree of protein binding (O95%), which limits glomerular filtration and keeps

them in the vascular space. This ensures their delivery to the proximal tubule cells

where they are taken up across the basolateral membrane by either an anion exchanger

(loop diuretics, thiazides) or a cation exchanger (amiloride, triamterene), and then

actively secreted into the lumen (75). The pharmacokinetic properties of a diuretic (i.e.,

availability of the drug at its specific site of action) are therefore determined by many

factors including dose, absorption (if given orally), drug half-life, delivery of the drug

Table 2 Dosage and Pharmacokinetic Properties of Commonly Used Diuretics, Listed According

to Site of Action

Onset of

action(%)

Action

duration

Diuretic

Dosage

(mg/day)

Oral bio-

availability

Oral

(hr)

IV

(min)

Oral

(hr)

IV

(hr)

Peak oral

effect (hr)

Elimination

half-life (hr)

Proximal tubule

Acetazolamide 250–375 ND 1 30–60 8 3–4 2–4 ND

TAL of Henle

Furosemide 40–400 10–100 1 5 6 2–3 1–3 1.5–2

Bumetanide 1–5 80–100 0.5 5 6 2–3 1–3 1

Torsemide 10–200 80–100 1 10 6–8 6–8 1–3 3–4

Ethacrynic acid 50–100 w100 0.5 5 6–8 3 2 1

Early distal

tubule

Chlorothiazide 500–1000 30–50 1 15–30 8 – 4 1.5

Chlorthalidone 25–200 64 2 – 24–48 – 6 24–55

Hydrochloro-

thiazide

25–100 65–75 2 – 12 – 4 6–9

Metolazone 2.5–20 40–65 1 – 12–24 – 2–4 14

Late distal

tubule

Spironolactone 50–400 Conflicting

data

48–72 – 48–72 – 24–48 1.5

Triamterene 75–300 O80 2 – 12–16 – 6–8 2–5

Amiloride 5–10 Conflicting

data

2 – 24 – 6–16 17–26

Abbreviations: hr, hour; IV, intravenous; mg, milligram; min, minute; ND, not determined; TAL, thick ascending

loop.

Source: Modified from Gottlieb SS: Diuretics. In: Hosenpud JD, Greenberg B, eds. Congestive Heart Failure:

Pathophysiology, Diagnosis, and Comprehensive Approach to Management. Springer-Verlag New York Inc.

1994:348. Data also from Ref. 76.
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to the proximal tubule, and the capability of the proximal tubule cell to secrete the drug

into the tubule lumen.

Absorption

The bioavailability of furosemide (i.e., the amount of an oral dose that reaches the

bloodstream) is approximately 50% but it can range from 10% to 100% (76). This widely

variable bioavailability makes it difficult to predict how much drug will be absorbed in a

given individual. In contrast, bumetanide and torsemide have absorptions that range from

80% to 100%. When switching from intravenous to oral administration, therefore, the dose

of bumetanide and torsemide can remain the same while that of furosemide should be

doubled. In addition, food decreases the absorption of furosemide and bumetanide but not

torsemide (74).

It is a common misperception that oral loop diuretics are less effective in patients

with congestive heart failure due to “gut edema” and decreased absorption. In actuality,

gut edema does not decrease the amount of diuretic absorbed (bioavailability is normal in

both compensated and decompensated patients) (77,78). Gut edema, however, may

contribute to the decreased rate of diuretic absorption seen in patients with congestive

heart failure. This slower absorption results in delayed peak concentrations and lower

serum concentrations, particularly in patients who are decompensated (Table 3) (78). For

this reason, higher oral doses may be needed in order to deliver a high enough

concentration to the urinary active site to reach the steep portion of the dose-response

curve. Since the rate of diuretic absorption improves in many patients once they are no

longer decompensated, it is reasonable to use intravenous diuretics initially, and then

resume oral diuretics once a euvolemic state has been achieved.

Plasma Half-Life and Metabolism

The frequency of diuretic administration is determined by its plasma half-life (Table 2).

About 50% of a dose of furosemide is conjugated in the kidneys to glucuronic acid while

50% is excreted unchanged into the urine (76). The half-life of furosemide is therefore

prolonged in patients with renal insufficiency. In contrast, bumetanide and torsemide are

largely metabolized by the liver and have longer half-lives in patients with liver disease.

The half-lives of the loop diuretics are also frequently prolonged in patients with

congestive heart failure since many have renal insufficiency and hepatic congestion

(Table 3). Even when prolonged, however, the half-lives of the loop diuretics are relatively

short, and their effects tend to decline before the next dose is administered. During the

period in between doses, there is enhanced sodium reabsorption by the nephron which may

Table 3 Altered Pharmacokinetics of Loop Diuretics in Patients with Congestive Heart Failure

Normal subjects Congestive heart failure patients

Loop diuretic

Time to peak

(min) Half-life (hr)

Time to peak

(min) Half-life (hr)

Furosemide 108 1.5 180 2.7

Bumetanide 72 1 180 1.3

Torsemide 52 3–4 66 6

Abbreviations: hr, hour; min, minute.

Source: Modified from Brater DC. Diuretic Pharmacokinetics and Pharmacodynamics. In: Seldin D, Giebisch G,

eds. Diuretic Agents: Clinical Physiology and Pharmacology. San Diego: Academic Press, 1997:200.
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nullify the prior natriuresis (76,79). This explains why patients with heart failure must

restrict their dietary sodium and must take loop diuretics more frequently in order to

maintain a negative sodium balance.

Renal Clearance of Diuretic

Diuretic pharmacokinetics are also affected by impaired secretion of drug by the proximal

tubular cells into the lumen. This is frequently seen in patients with chronic renal disease.

In patients with heart failure who have preserved renal function, the amount and rate of

diuretic excretion into the urine is similar to that seen in healthy people (80). When

patients with heart failure have renal dysfunction, proximal tubule cell secretion of

diuretic into the lumen is impaired, and patients must be given higher diuretic doses in

order for a sufficient amount of the drug to reach the urinary site of action. For example,

heart failure patients with renal insufficiency may require at least 120 mg of IV furosemide

or 2–3 mg of IV bumetanide in order to achieve a maximal natriuretic response. Renal

clearance of diuretics can also be affected by other drugs. Organic acids such as

probenecid can decrease proximal tubule secretion of loop and thiazide diuretics by

competing for the anion exchanger. Similarly, organic bases such as trimethoprim can

compete for the cation exchanger and impair secretion of amiloride and triamterene (76).

Diuretic Pharmacodynamics

The relationship between diuretic delivery to its active site and natriuretic response

determines the pharmacodynamics of the drug. This relationship is characterized

graphically by a sigmoidally shaped curve (Fig. 2) and applies to both loop and thiazide

diuretics (76,81). This sigmoidal dose response curve illustrates that in order to illicit a

natriuretic response, a threshold quantity of drug must be delivered to its active site. For

each individual, the diuretic must be titrated in order to determine the dose necessary to

Figure 2 Dose-response curve of a loop diuretic in a normal subject (solid line) and in a patient

with heart failure (dashed line). The relationship between the amount of diuretic reaching the active

site and the amount of sodium excreted is represented by a sigmoid curve. Diuresis will not occur

until a threshold amount of diuretic reaches the active site, and no further diuresis will occur above

the ceiling dose. In patients with heart failure, diuretic resistance is reflected by a downward and

rightward shift in the curve, primarily due to increased sodium reabsorption at other nephron sites.

Source: Modified from Ellison DH. Diuretic therapy and resistance in congestive heart failure.

Cardiology 2001; 96:132.

Wittstein82



reach the steep portion of the curve (i.e., the effective dose). The sigmoidal curve also

illustrates that diuretics have a ceiling dose above which no further natriuresis will occur.

In healthy individuals, an intravenous dose of 40 mg of furosemide, 20 mg of torsemide,

and 1 mg of bumetanide elicits a maximal natriuretic response (76). Therefore, while the

potency varies between these three loop diuretics, their efficacy (maximal response) is the

same and amounts to a fractional excretion rate of sodium of 20–25% in

healthy individuals.

In patients with congestive heart failure, the dose-response curve is shifted

downward and to the right (Fig. 2) (82). On average, the maximal fractional excretion of

sodium that can be achieved in these patients is only 10% to 15%. The natriuretic response

does not increase with higher diuretic doses, and these patients instead must be given

effective doses more regularly. The precise mechanism of this abnormal dose response in

patients with heart failure is unknown, but it likely involves several factors, including

decreased diuretic delivery to the kidney due to reduced renal blood flow, increased

sodium absorption in the proximal tubule due to activation of the RAAS and SNS (83), and

increased distal tubule sodium absorption resulting from adaptive changes that are

discussed further below (82,84).

Diuretic Resistance

Diuretic resistance can occur both acutely and with chronic diuretic administration. With

acute resistance, the magnitude of natriuresis declines following each successive dose of

diuretic. This ‘braking phenomenon’ seems to be dependent on a reduction in intravascular

volume and may serve as a protective mechanism against dehydration (76,84). Indeed,

when extracellular fluid volume remains constant, the natriuretic response to diuretics

does not decrease (79). While activation of the RAAS and the SNS has been proposed as a

potential mechanism of acute diuretic resistance, ACE inhibition and adrenergic blockade

do not consistently prevent it (85,86).

With chronic administration of loop diuretics, there is increased solute delivery to

the distal nephron. This results in several important changes in the epithelial cells of the

distal nephron including hypertrophy and hyperplasia (84), increased Na-K-ATPase

activity (87), and an increased number of thiazide sensitive Na-Cl cotransporters (88).

Thus with chronic loop diuretic use, there is a decline in natriuresis due to the enhanced

ability of the distal nephron cells to reabsorb sodium. This explains in part why the

addition of a thiazide diuretic can significantly increase natriuresis and diuresis in patients

resistant to a loop diuretic alone (89).

DIURETIC USE FOR THE TREATMENT OF
CONGESTIVE HEART FAILURE

Treatment of Patients Responsive to Loop Diuretics

Patients with left ventricular dysfunction who have no signs or symptoms of congestion

should be treated with ACE inhibitors and beta blockers but do not require diuretics (90).

Diuretics should be reserved for symptomatic patients with clinical evidence of volume

overload. Thiazide diuretics can be successfully used in some patients with mild heart

failure but they are usually insufficient in patients with moderate to severe heart failure and

ineffective in patients with renal failure (76). Most patients with moderate to severe
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volume overload will require a loop diuretic, and the minimum dose necessary to produce

an effective diuresis should be determined. The usual starting dose is 20mg to 40 mg of

furosemide or its equivalent. If the diuretic response is not adequate, the dose should be

increased until the “effective dose” is determined. Because renal responsiveness to loop

diuretics may be decreased in patients with heart failure, moderate doses may need to be

given more frequently. The frequency of loop diuretic administration will also be

influenced by dietary sodium intake. Because there is avid sodium reabsorption by the

kidney in the hours following the drug-induced natriuresis, increased dietary sodium

intake will necessitate more frequent diuretic administration in order to maintain a

negative sodium balance (76,83).

Patients with renal insufficiency secrete less diuretic into the tubule lumen and

therefore require higher doses to achieve a maximal natriuretic effect. Due to the sigmoidal

nature of the dose response curve, maximal doses have been identified for all of the

commonly used loop diuretics in heart failure patients both with and without renal

insufficiency (76) (Table 4). Doses higher than these will not increase sodium excretion,

and maximal doses may need to be given more frequently if further natriuresis is required.

Because the absorption of loop diuretics is delayed in patients with heart failure, these

drugs should be given intravenously to patients with more severe signs and symptoms of

volume overload.

Though potassium-sparing agents are fairly weak natriuretics, they are frequently

added to prevent the hypokalemia that can be seen with the more proximally acting

diuretics. Patients on potassium-sparing agents should be monitored closely for

hyperkalemia, particularly since many will have renal insufficiency and most will be

taking ACE inhibitors or angiotensin receptor blockers. Because spironolactone has been

shown to reduce mortality in patients with heart failure (73), it is frequently the agent of

choice for treating hypokalemia. When hypokalemia is not a problem and aldosterone

antagonists are used purely for mortality benefit, however, they should be reserved for

patients who fulfill criteria for RALES (73) (NYHA class IV heart failure, preserved renal

function, and normal or low serum potassium) or EPHESUS (69) (recent myocardial

infarction, ejection fraction %40%, symptomatic heart failure, and/or diabetes).

Table 4 Doses of Loop Diuretics Required to Produce a Maximal Natriuretic Response in Heart

Failure Patients Both with and Without Renal Insufficiency

Maximal intravenous dose of loop diuretic (mg)

Congestive heart failure

and preserved renal

functiona

Congestive heart failure

and moderate renal

insufficiencyb

Congestive heart failure

and severe renal

insufficiencyc

Furosemide 40–80 80–160 160–200

Bumetanide 1–2 4–8 8–10

Torsemide 10–20 20–50 50–100

aCreatinine clearance O75 ml per min.
bCreatinine clearance 25–75 ml per min.
cCreatinine clearance !25 ml per min.

Source: From Brater DC. Diuretic therapy. N Engl J Med 1998; 339:387–395.
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Treatment Options for Patients with Loop Diuretic Resistance

Combination Diuretic Therapy

For patients demonstrating a suboptimal response to maximal doses of loop diuretics, the

addition of other diuretic classes can result in substantial natriuresis due to “sequential

blockade” of the various sodium reabsorption sites (91). The dose-response curve of a loop

diuretic is not altered by other diuretic classes, so the effective loop diuretic dose should

not be decreased when a second agent is added. A wide variety of diuretic regimens have

been used (92), the most common being the combination of thiazide and loop diuretics.

These diuretic classes are synergistic and produce a more potent diuresis when

administered together than when either class is used alone (93). A common practice is

to add the thiazide-like diuretic metolazone to a loop diuretic. Metolazone has slower

absorption and is frequently given 30 to 60 min prior to the loop diuretic in an effort to

maximize the synergistic effect. Because metolazone has a long duration of action and

prevents sodium reabsorption at both distal and proximal tubule sites, it can induce

significant sodium and volume loss when used in combination with a loop diuretic. For

these reasons, patients often do best when metolazone is given just two to three times a

week and at relatively low doses (e.g., 2.5 mg). For patients requiring intravenous therapy,

the distal tubule inhibitor chlorothiazide is frequently used. Agents that selectively block

at other nephron sites have also been used. Both the proximal tubule inhibitor

acetazolamide (94) and the collecting duct inhibitor spironolactone (95) improve

natriuresis in heart failure patients refractory to high dose loop diuretics. The addition

of a potassium-sparing diuretic is particularly effective at improving natriuresis in those

patients with decreased urinary sodium and increased urinary potassium (76). Options for

combination diuretic therapy are listed in Table 5. Patients receiving any of these

combined regimens should be followed closely for electrolyte abnormalities and signs

of dehydration.

Continuous Diuretic Infusion

Another option for hospitalized patients with diuretic resistance is continuous intravenous

diuretic infusion. When loop diuretics are given orally or in bolus infusion, their short half-

lives result in periods of post-diuretic sodium retention that may minimize the negative

sodium balance. By giving the diuretic in a continuous infusion, constant serum levels are

Table 5 Options for Combination Diuretic Therapy

If a patient is not responding to a ceiling dose of loop diuretic (Table 4), add one of the followinga:

Thiazide diuretic Metolazone 2.5–10 mg po daily

Hydrochlorothiazide 25–100 mg po daily

Chlorothiazide 500–1000 mg iv daily

Potassium-sparing diuretic Spironolactone 100–200 mg po daily

Triamterene 75–300 mg po daily

Amiloride 5–10 mg po daily

Carbonic-anhydrase inhibitor Acetazolamide 250–375 mg po daily (and up to 500 mg iv

daily)

aIf adding more than one diuretic from the list above is required, the diuretics should be from different classes to

maximize the synergistic effects.

Abbreviations: po, per os; iv, intravenous.

Source: Modified from Ellison DH. Diuretic therapy and resistance in congestive heart failure. Cardiology 2001;

96:139.
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maintained, effective drug doses are delivered continuously to the urinary site of action,

and periods of sodium retention are reduced. Studies have demonstrated that a continuous

infusion of loop diuretic results in increased urine output and sodium excretion compared

to bolus infusion in both patients with chronic renal failure (96) and congestive heart

failure (Fig. 3) (97–100). Other potential advantages of continuous infusion include

decreased activation of the RAAS and SNS, ease of titration in critically ill patients, and

fewer side effects (84,99). Continuous diuretic infusions are typically started following an

initial loading dose with rates adjusted according to renal function (Table 6) (76).

Figure 3 Comparison of the natriuretic response to continuous infusion (squares) versus bolus

administration (circles) of furosemide in patients with congestive heart failure. With bolus

administration, sodium excretion is low for several hours in between doses due to the drug’s short

half-life and the increased sodium reabsorption that occurs following diuretic administration. In

contrast, continuous infusion delivers a more consistent effective dose to the urinary site of action,

resulting in an 18.5% higher total urine output compared with bolus administration. Source:

Reproduced from Ellison DH. Diuretic therapy and resistance in congestive heart failure. Cardiology

2001; 96:141. Original data from Ref. 97.

Table 6 Doses for Continuous Intravenous Infusion of Loop Diuretics

Loop diuretic

Intravenous

loading dose

(mg)

Infusion rate (mg/hr)

Creatinine

clearance

!25 ml/min

Creatinine

clearance

25–75 ml/min

Creatinine

clearance

O75 ml/min

Furosemide 40 20 then 40 10 then 20 10

Bumetanide 1 1 then 2 0.5 then 1 0.5

Torsemide 20 10 then 20 5 then 10 5

Abbreviations: hr, hour; min, minute; mg, milligram; ml, milliliter.

Source: Reproduced from Brater DC. Diuretic therapy. N Engl J Med 1998; 339:387–395.
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Ultrafiltration

Ultrafiltration may be an option for certain patients with diuretic resistance and

refractory congestive heart failure. In patients with moderate congestive heart failure,

ultrafiltration rapidly lowers right atrial and pulmonary capillary wedge pressures and

results in sustained improvement in exercise tolerance and maximal oxygen consumption

over a six month follow-up period (101). Marenzi et al. also demonstrated that

ultrafiltration could be used to rapidly remove large fluid volumes in patients with

refractory congestive heart failure without hemodynamic compromise (102). On the

contrary, patients in this study demonstrated improvement in cardiac filling pressures,

cardiac output, and systemic vascular resistance. In addition to its ability to remove

volume from patients resistant to diuretic therapy, mechanical ultrafiltration may also

offer a neurohormonal advantage. In contrast to loop diuretics, ultrafiltration does not

stimulate the macula densa mechanism and may have less impact on RAAS activation

(84). In one study, ultrafiltration significantly reduced plasma renin, aldosterone, and

norepinephrine in volume overloaded patients refractory to diuretics (103). These

favorable neurohormonal and hemodynamic changes may explain in part why some

patients with refractory congestive heart failure demonstrate improved diuretic

responsiveness following mechanical ultrafiltration (102,103).

DIURETIC-RELATED SIDE EFFECTS

Electrolyte Abnormalities

Hypokalemia is frequently observed in patients receiving loop and thiazide diuretics.

These diuretics increase sodium delivery to the distal nephron where it is reabsorbed in

exchange for potassium. Patients with congestive heart failure may be particularly

sensitive to diuretic induced hypokalemia due to RAAS activation and increased

aldosterone production. The primary concern in patients with left ventricular dysfunction

is that hypokalemia increases ventricular arrhythmias and sudden cardiac death. While

direct causality has not been established, this concern is supported by the observation that

patients with left ventricular dysfunction taking non-potassium-sparing diuretics have an

increased risk of arrhythmic death, while those on potassium-sparing diuretics do not (71).

In contrast to the hypokalemic effects of thiazide and loop diuretics, hyperkalemia can be a

serious side effect of the potassium-sparing diuretics. Their use has increased due to the

mortality benefit observed with the aldosterone antagonists (69,73). The problem is

compounded in patients with heart failure due to the concomitant use of ACE inhibitors or

angiotensin receptor blockers, and to the high prevalence of renal insufficiency.

Hyponatremia is another complication of diuretic therapy. While it can occur with

loop diuretics, it is most commonly observed with thiazide diuretics which increase

sodium excretion and impair maximal urinary dilution. Elderly women appear to be most

susceptible to thiazide related hyponatremia (104). It is important to remember, however,

that because diuresis is typically isoosmotic, diuretic induced hyponatremia is relatively

uncommon. In patients with heart failure, hyponatremia is most often a result of total body

fluid overload and not sodium depletion. In this situation, loop diuretics may actually

correct the hyponatremia by inhibiting urinary concentrating ability (104).

Thiazide and loop diuretics increase urinary magnesium excretion and reduce

plasma magnesium concentrations by about 5%–10%. This effect is diminished in part by

the potassium-sparing diuretics. Hypomagnesemia is seen most commonly in elderly

patients receiving high doses of loop diuretic, and the extent of electrolyte depletion
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appears to be related to the duration of therapy (104). Serum magnesium levels are

unreliable measures of intracellular stores, and the serum level can be normal in the setting

of total body magnesium deficiency (105). An association between hypomagnesemia and

arrhythmias has been suggested by some studies (106) but not by others (107). To date,

there have been no large prospective studies evaluating the effect of hypomagnesemia or

magnesium repletion on mortality in patients with heart failure.

Calcium is affected differently by the various diuretic classes. Loop diuretics

increase calcium excretion and can be used to treat hypercalcemia. Thiazide diuretics

decrease urinary calcium excretion and can exacerbate hypercalcemic states. It is

unknown whether altered calcium balance due to diuretic therapy has an impact on cardiac

function in patients with heart failure.

Acid–Base Abnormalities

Both thiazide and loop diuretics can cause a mild metabolic alkalosis. A more severe

contraction alkalosis may be seen when thiazide and loop diuretics are used in

combination. Metabolic alkalosis can decrease the natriuretic response to loop diuretics

and may contribute to the diuretic resistance seen in some patients with heart failure (108).

If treatment of the metabolic alkalosis is necessary, options include administration of

potassium chloride, a distal potassium sparing diuretic, or a carbonic anhydrase inhibitor

(109). In contrast, potassium-sparing diuretics and carbonic anhydrase inhibitors can cause

a metabolic acidosis. A potentially dangerous hyperkalemic metabolic acidosis can occur

with potassium sparing agents such as spironolactone, particularly in elderly patients with

renal insufficiency (109).

Hyperuricemia

Thiazide diuretics decrease renal clearance of urate and increase serum urate levels by as

much as 35% (104). Thiazides interfere with urate tubular secretion by competing for the

same organic anion transporter (104). Both thiazide and loop diuretics can precipitate

gout, particularly in patients who are prone to gout, have high baseline serum urate

concentrations, and who are severely volume contracted.

Metabolic Abnormalities

Prolonged use of thiazide diuretics can cause glucose intolerance (110) and should be used

cautiously in patients with diabetes. This does not mean, however, that thiazides are

contraindicated in diabetic patients. Thiazides have been shown to decrease cardiovas-

cular events in hypertensive diabetic patients (111). Further, in a recent large prospective

study, patients taking thiazides for hypertension were not found to be at increased risk for

developing diabetes mellitus (112). Short term thiazide use also increases plasma

concentrations of total cholesterol, low density lipoprotein (LDL) cholesterol, and

triglycerides, and it decreases high density lipoprotein (HDL) cholesterol in a dose-

dependent fashion (109,113). This negative effect on lipid profile occurs following

initiation of thiazide diuretics, but when combined with exercise, cholesterol levels return

to baseline over the course of several months and may even improve following several

years of diuretic therapy (114).
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Allergic Reactions

Allergic drug reactions are possible with all of the diuretic classes. With the exception of

ethacrynic acid, cross sensitivity with sulfonamide drugs can occur with all diuretics

(104). Allergic reactions can range in severity from mild dermatitis and photosensitivity,

to interstitial nephritis, necrotizing vasculitis and life threatening necrotizing pancreatitis.

Ethacrynic acid has a different chemical makeup from the other loop diuretics and can

therefore be used safely in patients who have had any of these allergic reactions (109).

Ototoxicity

The human middle ear contains a NaC2ClKKC cotransporter that responds to loop

diuretics. Hearing loss has been associated with all of the loop diuretics, particularly

ethacrynic acid and furosemide. The risk of ototoxicity increases with higher diuretic

doses, increased intravenous infusion rates, and co-administration of other ototoxic agents

such as aminoglycocides (104,109).

Adverse Drug Interactions

Life threatening hyperkalemia can occur when potassium-sparing diuretics are used in

combination with a variety of other drugs including potassium supplements, ACE

inhibitors, angiotensin receptor blockers, ketoconazole, and trimethoprim. This is

particularly the case in patients with renal insufficiency, diabetes, or type IV renal

tubular acidosis (109). Loop diuretics can increase both the nephrotoxicity and

ototoxicity seen with aminoglycocides, and can increase the risk of digitalis toxicity

(115). Both thiazide (116) and loop diuretics (117) can increase plasma lithium

concentrations and risk of toxicity. Nonsteroidal anti-inflammatory drugs can result in

renal vasoconstriction and decreased GFR and can precipitate renal failure in patients

being treated with diuretics (118).

OTHER “DIURETIC” AGENTS

Dopamine

Dopamine at low doses (!5 mg/kg/min) stimulates renal vasodilation, increases renal

plasma blood flow, and increases sodium excretion (119). While it has been used as a

natriuretic and diuretic agent for over 40 yr (120), studies are inconclusive regarding its

efficacy in the management of congestive heart failure. In one study, patients were

randomized to intravenous bumetanide alone versus the combination of bumetanide and

low dose dopamine (121). Patients receiving dopamine had an increase in creatinine

clearance, while the group treated with bumetanide alone had no improvement in renal

function. In a separate study, however, dopamine failed to increase the rate of

furosemide-induced urinary sodium excretion (122). Other dopaminergic agents that

have been studied in patients with heart failure include the DA-1 receptor agonist

ibopamine. This caused an increase in renal plasma flow, GFR, and diuresis in one small

study (123) but was associated with increased mortality in a large randomized study of

patients with advanced heart failure (124). The benefit of low-dose dopamine has also

not been proven in patients with poor renal function, and it may even be harmful in

critically ill patients (125).
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Natriuretic Peptides

The natriuretic peptides are hemodynamically active agents that cause vasodilation and

reduction in cardiac filling pressures. ANP has been approved in Japan since 1995 for the

treatment of acute decompensated heart failure, while synthetic BNP (nesiritide) has been

approved for the same indication in the United States since 2001. There are conflicting

data, however, concerning the effects of the natriuretic peptides on renal function. Both

ANP (126,127) and BNP (128–130) have been shown to increase natriuresis, diuresis, and

GFR in individuals with normal left ventricular function. The natriuretic effects result not

only from direct inhibition of distal nephron sodium reabsorption, (129–131) but also from

suppression of RAAS activation (126,129,131–133). In contrast to loop diuretics, the

ability to induce natriuresis in the absence of RAAS activation suggests one mechanism in

which the natriuretic peptides may help to preserve renal function. In an experimental

heart failure model, co-administration of BNP and furosemide increased natriuresis,

diuresis, and GFR without aldosterone activation (134). In humans with congestive heart

failure, however, some studies have demonstrated increased natriuresis and urine volume

with BNP infusion (135–137), while others have concluded that BNP has no effect on

sodium excretion, urine output, GFR, or effective renal plasma flow (138–140). More

recently, it has even been suggested that BNP may have harmful renal effects. In a meta-

analysis of randomized clinical trials comparing nesiritide with either placebo or active

control for acute decompensated heart failure, nesiritide significantly increased the risk of

worsening renal function (141). Larger clinical trials will therefore be needed to clarify the

effects of these agents on renal function and to establish their role in the treatment of acute

and chronic heart failure.

Vasopressin Antagonists

Vasopressin regulates the body’s blood pressure and water content by influencing the rate

of water excretion from the kidney. The two principle vasopressin receptors are located in

vascular smooth muscle cells (V1A) and in the renal collecting duct (V2), and result in

vasoconstriction and free water reabsorption, respectively (142). Several small studies

have looked at the effects of vasopressin antagonists in patients with heart failure. The

predominantly V1A receptor antagonist conivaptan was administered intravenously to 142

patients with NYHA class III or IV heart failure in a randomized, double-blind placebo-

controlled trial (143). Conivaptan reduced right atrial and pulmonary capillary wedge

pressures and caused a significant dose-dependent increase in urine output. Similarly, an

increase in urine output and urinary sodium excretion and a decrease in body weight were

observed in heart failure patients randomized to the V2 receptor antagonist tolvaptan

(144,145). The long-term effects of these agents on renal function, functional capacity, and

mortality in patients with heart failure are currently being studied in large multi-center

trials (146,147).

Adenosine Antagonists

Adenosine has an important influence on renal function and sodium balance. Following an

acute increase in sodium concentration in the proximal tubule, adenosine stimulates

afferent arteriolar vasoconstriction via the A1 receptor. This mechanism is referred to as

tubuloglomerular feedback and results in decreased glomerular filtration and diuresis

(148). Patients with heart failure have elevated plasma levels of adenosine (149), and small

studies have been performed in these patients to examine the diuretic effects of selective
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A1 receptor blockade. In a study of 12 patients with heart failure, the A1 receptor blocker

BG9719 increased natriuresis and diuresis; in contrast to furosemide, there was no

associated decrease in GFR (150). In a randomized, double-blind crossover study of 63

patients with heart failure, BG9719 increased sodium and water excretion and had an

additive effect when given with furosemide (151). Additionally, co-administration of the

A1 receptor blocker with furosemide prevented the decrease in GFR observed with the

loop diuretic alone.

CONCLUSION

Diuretics represent a therapeutic paradox in the treatment of congestive heart failure. On

the one hand, there is considerable evidence that diuretics can have deleterious effects that

include neurohormonal activation, systemic vasoconstriction, potentially life threatening

electrolyte abnormalities, decreased renal blood flow and GFR, and increased mortality.

On the other hand, no drugs are more effective at rapidly relieving symptoms of congestion

and edema, or improving functional capacity and quality of life. Diuretics, therefore,

remain first-line agents for the treatment of patients with heart failure, and a thorough

understanding of their mechanisms of action and pharmacokinetic properties is essential

for the optimal management of patients with severe volume overload and diuretic

resistance. Newer agents such as the natriuretic peptides and adenosine antagonists can

enhance natriuresis when used in conjunction with diuretics, but the long-term effects of

these agents on quality of life, renal function, and mortality are still being investigated.
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VASOCONSTRICTION IN HEART FAILURE: RATIONALE
FOR VASODILATOR THERAPY

Heart failure is a heterogeneous clinical syndrome but is fundamentally characterized by a

decrease in myocardial performance with a resultant decrease in cardiac output. As cardiac

output declines, a variety of compensatory mechanisms are activated, with both beneficial

and harmful acute and long-term effects. Peripheral vasoconstriction, a physiologic

response designed to maintain systemic perfusion pressure in response to a drop in cardiac

output, is a hallmark of the heart failure syndrome. Regulation of vascular tone is

controlled by complex neurohormonal and hemodynamic processes, including the

sympathetic nervous system, the renin–angiotensin system, and multiple endogenous

vasoconstrictive/vasodilatory factors. Vasoconstriction is functionally important in the

setting of trauma, severe hemorrhage, or short term decrease in cardiac performance,

acting to maintain arterial pressure and perfusion of the brain and other vital organs.

However, in the setting of heart failure, chronic vasoconstriction leads to reduced cardiac

output, increased myocardial oxygen consumption, decreased coronary perfusion, and

increased cell death (Fig. 1). This fundamental observation establishes the rationale for the

use of vasodilator agents in heart failure, a heterogeneous class of drugs that have become

mainstays in the management of acute and chronic heart failure.

Mechanisms Regulating Vascular Resistance

It is important to understand the mechanisms that produce vasoconstriction in order to

understand the mechanism of action of various vasodilator agents. The sympathetic

nervous system is known to be activated in heart failure, leading to an increase in

circulating levels of norepinephrine (1,2). This response is adaptive in acute situations

when the vasculature must react quickly. Norepinephrine activates arteriolar smooth
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muscle peripheral alpha1-adrenergic receptors causing vasoconstriction (3). Central, pre-

ganglionic alpha2-adrenergic receptors also bind norepinephrine and promote a counter-

regulatory response by inhibiting sympathetic outflow. The renin–angiotensin system is

adaptive for the long-term needs of increasing blood volume through salt retention, and

produces vasoconstriction by the conversion of angiotensin I to angiotensin II. Clinicians

in the late 19th century noted that extracts from the kidney increased blood pressure

when injected into patients. Since this initial study of the substance that became known

as renin, much has been elucidated about this pathway, such as the production of

angiotensin I from angiotensinogen and the cleavage of angiotensin I to angiotensin II

by angiotensin converting enzyme (ACE). Angiotensin II subsequently binds to the

angiotensin receptor. In heart failure, the chronic effects of angiotensin II are maladaptive,

producing vasoconstriction, fibrosis, and cardiomyocyte hypertrophy (4,5).

Other endogenous vasoconstricting/vasodilating factors include endothelin (ET),

vasopressin, nitric oxide (NO), natriuretic peptides, bradykinins, and prostaglandins. ET is

a potent vasoconstrictor that exists in three isoforms (endothelins 1, 2, and 4). ET1 is the

most important isoform in the cardiovascular system, and it causes a vasoconstrictor

response when bound to ET-A receptors on vascular smooth muscle. ET-B receptors on

endothelial cells produce an inhibitory response by releasing vasodilators like NO and

prostacyclin (6). ET1 levels are increased in patients with heart failure (7,8). Arginine

vasopressin, or antidiuretic hormone, is an octapeptide produced in the hypothalamus and

released from the posterior pituitary in response to increased plasma osmolarity and

decreased blood volume. Like renin, it was discovered in the late 19th century when

posterior pituitary extracts were injected into laboratory animals resulting in elevated

blood pressure. The major physiologic action of vasopressin on the cardiovascular system

involves vasoconstriction through activation of the V1 receptor. In patients with heart

failure, the physiologic control mechanisms for vasopressin are altered, especially

following the administration of diuretics; these maladaptive responses can lead to

inappropriate vasopressin release leading to vasoconstriction and hyponatremia.

NO is produced by the endothelium from the conversion of L-arginine to

L-citrulline by nitric oxide synthase (NOS). NO causes vasodilation and affects vascular

Decreased cardiac
performance

Decreased coronary
perfusion

Neurohormonal activation

Vasoconstriction

Increased afterload

Increased myocardial
cell death

Increased Myocardial
oxygen demand

Figure 1 Role of vasoconstriction in the progression of heart failure.
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permeability, oxidative phosphorylation, and platelet aggregation (9,10). NO is also

intimately involved with inflammation and cytokine release. In heart failure, the

vasculature is less responsive to NO mainly due to an attenuation of the vasodilatory

response rather than reduced production of NO (11). It is known that reduced eNOS

expression, particularly in aortic endothelial cells, is closely related to pulsatile flow and

shear stress (12,13). Another potentially important feature of NO in heart failure is the

inactivation of NO by superoxide anions. This mechanism is not entirely understood but

there is evidence that increased oxygen free radicals subsequently lead to NO

degradation and endothelial dysfunction (14).

Recent discovery of the natriuretic peptide system established the heart as an

endocrine organ. This discovery came from the finding that atrial extracts induced a

profound natriuretic response (15). Atrial natriuretic peptide (ANP) was later identified

and found to have a counter-regulatory effect that inhibits salt and water retention and

produces vasodilation. Natriuretic peptide levels are elevated in heart failure in response to

ventricular wall stress, and are increasingly used as a diagnostic and prognostic marker in

patients with ventricular dysfunction (16–18).

Bradykinins are produced in the vasculature through the breakdown of kininogens

by proteolytic enzymes called kallikreins. Bradykinins bind the B2 kinin receptor and

promote the release of NO, prostaglandins, and cyclic AMP (which causes smooth muscle

relaxation). Bradykinin is a substrate for ACE. Thus, ACE inhibitors inhibit the

breakdown of bradykinin, allowing reduced vasoconstriction not only through the

decreased production of angiotensin II but also through increased bradykinin.

Prostaglandins include vasodilators (prostacyclin and prostaglandin E2) and

vasoconstrictors (thromboxane). They are produced from polyunsaturated fatty acid

derivatives by cyclo-oxygenase enzymes. Full discussion of this system is beyond the

scope of this chapter, but these compounds are active in inflammation, platelet activation,

and renal blood flow. Full elucidation of this system in the setting of heart failure,

especially with regard to clinical targeting, remains a difficult task. Many non-steroidal

anti-inflammatory drugs inhibit prostaglandins and cause fluid retention by altering renal

perfusion. The endogenous mediators of vasoconstriction and vasodilation are

summarized in Table 1.

VASODILATOR THERAPY IN ACUTE DECOMPENSATED
HEART FAILURE

Hemodynamically, heart failure decompensation is characterized by some combination of

elevated filling pressures, decreased cardiac output, and altered systemic vascular resistance

(SVR). These variables have been used to create “hemodynamic profiles,” which form a

conceptual model for the selection of therapies in patients with acute heart failure (19).

Table 1 Endogenous Mediators of Peripheral Vascular Tone

Vasoconstrictors Vasodilators

Norepinephrine Natriuretic peptides (ANP, BNP, CNP)

Epinephrine Nitric oxide

Renin Bradykinins

Arginine vasopressin Prostacyclin

Endothelin Prostaglandin E2

Angiontensin II

Vasodilators in the Management of Heart Failure 101



The concept of targeting excessive vasoconstriction in the setting of heart failure came from

observations that cardiac biomechanics can be improved by appropriately matching

afterload to inotropy (20). It was determined that in the patient with increased SVR,

reducing afterload results in increased cardiac output, increased contractility, decreased

myocardial energy expenditure, and decreased myocardial cell death.

The hemodynamic goal of acute therapy is to restore the patient’s profile to a setting

with adequate perfusion pressure and decreased volume overload (i.e., warm and dry). The

use of invasive hemodynamic monitoring via a pulmonary artery catheter to obtain these

hemodynamic goals has been termed “tailored therapy” and has been shown to result in

improved freedom from congestion and repeat hospitalization in patients presenting with

acute heart failure (21,22). Vasodilator therapy plays an important and often overlooked

role in obtaining these goals. The recently completed Evaluation Study of Congestive

Heart Failure and Pulmonary Artery Catheter Effectiveness (ESCAPE) trial evaluated

the role of a hemodynamically guided approach using right heart catheterization versus

standard care in patients with decompensated heart failure (23). Preliminary data from

ESCAPE suggest no significant difference in outcomes between those patients randomized

to hemodynamically guided therapy compared to those treated using clinical judgment

alone. Ongoing analysis of these data may provide further insights into which patients are

most likely to benefit from a tailored therapy approach.

In general, available vasodilators affect the venous system, the arterial system, or

both (so called “balanced vasodilators”). Vasodilators with significant effects on the

venous system such as nitroglycerin can lower preload and reduce ventricular filling

pressures, particularly in conjunction with diuretics. Elevated filling pressures are not only

important contributors to atrioventricular valvular regurgitation but also lead to cellular

apoptosis, neurohumoral activation, increased automaticity, chronic remodeling,

pulmonary hypertension, and right ventricular dysfunction. Each of these features

contributes to mortality in heart failure.

Most patients with acute decompensated heart failure present with elevated SVR;

administration of arterial vasodilators (such as sodium nitroprusside or hydralazine)

results in reduction of SVR with a concomitant rise in cardiac output and a decrease in

filling pressures (24–26). Although vasodilators may result in hypotension, in most cases

the increase in cardiac output is sufficient to balance the decrease in SVR so that systemic

blood pressure remains adequate. Given that most patients with decompensated heart

failure present with both elevated filling pressures (preload) and elevated SVR (afterload),

a balance of arterial and venous vasodilator therapy often achieves optimal hemodynamic

results. The beneficial hemodynamic effects of vasodilators must be balanced against the

possibility that excessive vasodilation may increase neurohormonal activation in some

settings, mediated by baroreceptors that are sensitive to rapid drops in afterload or

diminished ventricular filling (27). Other data suggest that neurohormonal activation can

be avoided by the careful use of vasodilators as part of a tailored therapy strategy (28).

Below, we discuss specific agents, their mechanism of action, and the data

supporting their use in acute and chronic heart failure therapy. Although some inotropic

agents such as milrinone have important vasodilator properties, these agents are covered

elsewhere in this textbook and will not be discussed here. A list of commonly used

vasodilators and their hemodynamic effects is shown in Table 2.

Sodium Nitroprusside

Nitroprusside is an intravenous, vasodilatory agent that affects both arterial and venous

smooth muscle. Nitroprusside was the first vasodilator shown to increase cardiac
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output (26). It is commonly used in the clinical situations of decompensated heart failure and

hypertensive crisis. It has a rapid onset of action, and its circulatory half-life is only 2 min.

Thus, the hypotensive effects last only 1–10 min following cessation of IV infusion. As with

other nitrate compounds, this agent promotes the production of NO, which activates the

enzyme guanylate cyclase and stimulates the production of cyclic GMP. Through the action

of this important second messenger, myosin light chains in smooth muscle cells undergo

dephosphorylation. The end result is muscle cell relaxation, reduced afterload, reduced

preload, and decreased blood pressure. Myocardial contractility is not directly affected.

Nitroprusside is only used for short durations because of the possibility of thiocyanate

toxicity, which inhibits cellular respiration and can lead to cell death. This rare side effect is

much more common in patients with preexisting renal insufficiency.

Nitrates

Nitroglycerin is produced in a variety of formulations: a tablet or spray for sublingual

administration, an ointment for transdermal delivery, and an intravenous form. The

mechanism of vasodilation is the same as that of nitroprusside. Intravenous nitroglycerin

has been a mainstay of the treatment of acute heart failure for decades. Hemodynamically,

the use of intravenous nitroglycerin results in a decrease in filling pressures and reduction

in functional mitral regurgitation, although high doses may be required to achieve

substantial hemodynamic effects (29). Additionally, its use is limited by the rapid

development of nitrate tolerance and the subsequent diminution of its effects (30).

Hydralazine

Hydralazine was one of the earliest anti-hypertensive agents available in the United States

(approved by the FDA in 1952). As a peripheral vasodilator, however, the mechanism of

Table 2 Commonly Used Vasodilators and Their Hemodynamic Effects

Agent Form

Hemodynamic effects

Side effects

Mortality

benefitPreload SVR CO

Nitroglycerin IV/PO/top CCC C C Headache No

Hydralazine IV/PO 0 CCC CC Lupus-like

syndrome,

reflex

tachycardia

No

Sodium nitro-

prusside

IV C CCC CCC Cyanide toxicity No

Nesiritide IV CC CC CC ? Adverse renal

effects

No

ACE

inhibitors

IV/PO C CC CC Cough,

hyperkalemia,

renal

insufficiency

Yes

ARBs PO C CC CC Hyperkalemia,

renal

insufficiency

Yes if ACE

intolerant

Amlodipine PO C CC CC Peripheral edema No
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action is still incompletely understood, but its effect on vascular smooth muscle occurs in a

manner that may be similar to nitrates. Hydralazine is selective for arterioles and is

available in oral and IV forms. Hydralazine is frequently combined with nitrates to provide

a balance of arterial and venous vasodilatation, and the concomitant use of hydralazine

appears to ameliorate the problem of nitrate tolerance with long term nitrate therapy (31).

When used chronically, hydralazine may rarely be associated with the development of a

lupus-like syndrome.

Nesiritide

Nesiritide is an intravenous, recombinant preparation of human B-type natriuretic peptide.

Administration of nesiritide augments the normal physiologic action of endogenous BNP,

which includes arterial and venous vasodilation as well as lusitropic and anti-fibrotic

effects. The mechanism of action of nesiritide is reminiscent of nitrates since it functions

by activating gaunylate cyclase receptors that increases cGMP. The result depends on the

cell-type. BNP action on the collecting duct results in natriuresis, and the effect on

endothelial cells and vascular smooth muscle cells is vasodilation. Thus, infusion of

nesiritide typically results in decreased arterial pressure, pulmonary capillary wedge

pressure, SVR, and a resultant increase in cardiac index (24).

The pivotal trial in the development of nesiritide was the Vasodilation in the

Management of Acute Congestive Heart Failure Trial (VMAC) (25). The VMAC study

randomized 489 patients with acute decompensated heart failure to intravenous nesiritide,

intravenous nitroglycerin, or placebo for 3 hr. After 3 hr, patients in the placebo arm were

randomized to receive either nesiritide or nitroglycerin for up to 48 hr. The primary

endpoint of VMAC was self evaluation of dyspnea at 3 hr. In a subset of patients with

invasive hemodynamic monitoring, the change in pulmonary capillary wedge pressure

(PCWP) at 3 hr was also considered a primary endpoint. In VMAC, nesiritide resulted in a

small but statistically significant decrease in PCWP at 3 hr (5.8 mmHg decrease)

compared to nitroglycerin (3.8 mmHg) or placebo (2 mmHg). The dyspnea score in all

patients at 3 hr was reduced compared to placebo by both nesiritide and nitroglycerin, with

no difference in dyspnea score between the two active agents. Based on the results of

VMAC, the FDA approved nesiritide for the treatment of acute decompensated heart

failure in 2001, the first new agent approved for this indication in over 10 yr. In clinical

use, nesiritide has potential advantages over nitroglyerin, including a lower rate of

headache and less development of tolerance. Recently, two controversial meta-analyses of

available data have suggested the possibility that the use of nesiritide may be associated

with increased risks of renal failure or death in patients with acute heart failure (32,33).

These analyses were retrospective but do suggest caution in the use of this agent. Larger

prospective trials with hard clinical endpoints will be required to more accurately define

the risks and benefits of nesiritide in patients with acute decompensated heart failure.

Novel Agents

Tezosentan, an dual ET1 receptor antagonist, is a potent vasodilator that has been shown to

decrease filling pressures and raise cardiac index in patients with decompensated heart

failure (34). Despite its promising hemodynamic profile, large clinical trials (RITZ and

VERITAS studies) in a variety of acute heart failure populations have failed to

demonstrate significant clinical benefit with this agent (35–38). Clinical development of
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this agent and other similar drugs continues, although it is unknown whether ET

antagonists will eventually have a role in the heart failure armamentarium.

VASODILATOR THERAPY IN CHRONIC HEART FAILURE

The pathophysiologic rationale and the favorable acute hemodynamic effects of short-term

vasodilator therapy in heart failure have resulted in significant interest in the therapeutic use

of chronic, oral vasodilators in heart failure. A variety of oral agents with differing

mechanisms possess vasodilator properties and have been studied in chronic heart failure.

The varying efficacy of these agents underscores the point that all vasodilators are not

equally efficacious, and that varying mechanisms of action may be important in determining

the clinical benefits. A variety of agents have shown neutral or negative effects when studied

as chronic heart failure therapy, including minoxidil (39), nifedipine (40), flosequinan (41),

prazosin (42), ibopamine (43), prostacyclin (44), and mibefradil (45). Below, we summarize

the data on those chronic vasodilators that have demonstrated efficacy in heart failure.

ACE Inhibitors

ACE inhibitors are a mainstay of therapy across the clinical spectrum of heart failure, from

patients with asymptomatic left ventricular dysfunction to those with advanced heart failure

symptoms. Hemodynamically, these agents are balanced arterial and venous vasodilators.

Additionally, ACE inhibitors appear to have a plethora of non-hemodynamic effects on

vascular endothelium and the cardiac myocyte, which may account for some or all of their

salutary effects. CONSENUS was the first study to demonstrate the efficacy of these agents

in heart failure in a large scale clinical trial (46). Subsequently, the results of VHeFT-II

(described in greater detail below) and the Studies of Left Ventricular Dysfunction

(SOLVD) trials established the ACE inhibitor enalapril as an effective therapy to reduce

mortality in patients with systolic dysfunction, with or without symptoms of heart failure

(47–49). A meta-analysis of over 12,000 patients reported a 26% reduction in mortality with

ACE inhibitor therapy that was consistent across studies (50). Based on these data, ACE

inhibitors are the oral vasodilator of choice when transitioning patients from “tailored

therapy” to chronic oral therapy or beginning therapy in stable patients.

Although usually well tolerated, ACE inhibitors do cause a drop in glomerular

filtration rate in many heart failure patients. ACE inhibitors impair the ability of the kidney

to regulate glomerular filling pressure through an effect on efferent arterial tone. A small,

reversible rise in serum creatinine is typically seen at the time of initiation of therapy and

is not sufficient reason to discontinue these highly efficacious agents. Selected patients,

particularly those with renal arterial disease or very marginal cardiac output, may develop

more severe renal insufficiency and require discontinuation of ACE inhibitor therapy.

Additionally, ACE inhibitors may cause significant cough in a small percentage of

patients, which is thought to be related to an increase in circulating bradykinins. The recent

development of angiotensin receptor blockers (ARBs) provides an alternative to ACE

inhibitor therapy in patients intolerant of this therapy.

Angiotensin Receptor Blockers

Angiotensin receptor blockers (ARBs) antagonize the angiotensin II receptor and therefore

block the effects of angiotensin II. In patients treated chronically with ACE inhibitors,

angiotensin II levels may increase over time due to the conversion of angiotensin I to

Vasodilators in the Management of Heart Failure 105



angiotensin II by non-specific chymases, bypassing the ACE system (often termed “ACE

escape”) (51). ARBs therefore provide more complete blockade of the effects of

angiotensin II, leading to speculation that these agents could be superior to ACE inhibitors

as chronic therapy for chronic heart failure. Two large recent studies, the VAL-HeFT

study and the CHARM Program, have evaluated the role of these agents in patients with

chronic heart failure.

The VAL-HeFT study evaluated the efficacy of adding the ARB valsartan to

standard therapy (including ACE-inhibitors in O90% of patients) in 5010 patients with

NYHA class II-IV heart failure (52). This study showed no benefit from the addition of

valsartan on all cause mortality but did demonstrate a 13% reduction in the primary

endpoint of mortality or cardiovascular morbidity. Subgroup analysis of VAL-HeFT

suggested the possibility of an adverse effect when valsartan was combined with beta-

blockers and ACE-inhibitors, although this finding has not been confirmed by subsequent

studies and may be due to chance alone (53,54).

The CHARM Program evaluated the role of the ARB candesartan in a variety of

populations with chronic heart failure. The primary endpoint of CHARM was

cardiovascular death or heart failure hospitalization. The CHARM program was made up

of three constituent trials evaluating candesartan in patients intolerant of ACE inhibitors

(CHARM-alternate), patients already taking ACE inhibitors (CHARM-added), and patients

with heart failure in the setting of preserved systolic function (CHARM-preserved) (54–57).

The CHARM-alternate trial demonstrated that candesartan was superior to placebo in

patients who were intolerant to ACE-inhibitors, with a 23% reduction in the primary

endpoint (Fig. 2) (55). This finding was confirmed in a subgroup analysis of the VAL-HeFT

study (58). When candesartan was added to patients already taking an ACE inhibitor, there

was a modest but statistically significant 15% decrease in the rate of the primary endpoint

(54). Importantly, the CHARM program was the first large study to evaluate the role of an

ARB in the important subgroup of patients with heart failure and preserved systolic

function, in which candesartan treatment showed no improvement in mortality and only a

small decrease in heart failure hospitalizations (57). Taken together, the results of CHARM

and VAL-HeFT suggest that ARBs are well tolerated and indicated as first line therapy in

heart failure patients intolerant of ACE-inhibitors. In patients already taking ACE

inhibitors, these agents appear to have modest effects on morbidity endpoints, such as heart

failure hospitalizations. ARBs may be better tolerated that ACE inhibitors with regard to

cough but appear to have similar incidence of hyperkalemia, renal insufficiency, and

hypotension. Based on the demonstrated long term benefits of ACE-inhibitors in multiple

studies, it appears that these agents will remain the mainstay of oral vasodilator therapy for

heart failure patients who tolerate them for the foreseeable future.

Nitrates and Hydralazine

When used chronically in combination, nitrates and hyrdalazine provide balanced venous

and arterial vasodilatation with hemodynamic effects similar to that of sodium

nitroprusside or ACE-inhibitors. The original Veterans Administration Cooperative

Vasodilator Heart Failure Trial (V-HeFT I), published in 1986, represented a significant

advance in the treatment of chronic heart failure. V-HeFT I was the first phase III trial to

demonstrate improved survival with a pharmacologic intervention in patients with chronic

heart failure. This study randomized 642 men with mild to moderate heart failure who

were taking digoxin and diuretics to either placebo, the alpha-blocker prazosin, or a

combination of isosorbide dinitrate and hyrdalazine. Patients were followed for an average

of 2.3 yr, with a primary study endpoint of all cause mortality (42). Two year mortality in
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the isosorbide dinitrate-hydralazine arm was 25.6% compared to 34.3% in the placebo

group (pZ0.03). Prazosin was found to be no better than placebo with regard to mortality.

The results of V-HeFT I led to a follow-up study comparing the combination of

isosorbide dinitrate and hyrdalazine to enalapril in a similar population with mild to

moderate heart failure (49). V-HeFT II showed lower mortality at two years in the

enalapril arm (18%) when compared to isosorbide dinitrate and hydralazine combination

(25%). Notably, the isosorbide dinitrate/hydralazine arm had a larger improvement in

maximal exercise capacity (as measured by maximal oxygen consumption) and ejection

fraction than did enalapril, suggesting that the added benefits of enalapril on mortality may

be mediated through mechanisms beyond vasodilatation alone. A subsequent analysis of

the V-HeFT data demonstrated a significant interaction between drug effect and race,

which suggested that the combination of isosorbide dinitrate and hydralazine might be

particularly efficacious in African American patients compared to Caucasians (59).

The recently published African American Heart Failure Trial (AHeFT) represents a

major advance in the medical management of this disease, demonstrating a highly

significant mortality benefit in African American patients with advanced systolic heart

failure (60). AHeFT was a multi-center, double-blind, placebo-controlled, randomized

clinical trial of a fixed dose combination isosorbide dinitrate and hydralazine compared to

placebo in self identified African American patients with heart failure. Study patients were

treated with standard heart failure therapy, with high utilization of ACE inhibitors (69%),

beta-blockers (74%), and ARBs (17%). AHeFT utilized a unique composite endpoint— a

composite score that incorporated death, first hospitalization for heart failure, and quality

of life assessment. Possible scores could range from C2 (a patient who survived, was not
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hospitalized, and had a O10 unit improvement in their quality of life score) to K6 (patient

who had a heart failure hospitalization, a decrement in quality of life, and subsequently

died). AHeFT was terminated early by the Data Safety Monitoring Board for evidence of a

highly significant mortality advantage with drug treatment (43% reduction in all cause

mortality) (Fig. 3). The composite score (which could range from a worst score of K6 to a

best score of C2) was K0.1 in the treatment group compared to K0.5 in the control group

(pZ0.01). The rate of first hospitalization for heart failure was also reduced by 33%

compared to the placebo group (16.4% vs. 24.4%, pZ0.001). AHeFT is significant due to

the remarkable efficacy of the tested therapy in a group of patients with advanced systolic

heart failure, a group that was already well treated with contemporary pharmacotherapy.

Such a dramatic benefit (43% reduction in all cause mortality) represents a major step

forward at a time when many investigators felt that a ceiling of benefit had been reached

with current therapeutic approaches.

Several unanswered questions remain regarding the results of the AHeFT study.

The regimen of isosorbide dinitrate and hydralazine used in AHeFT was associated with

a significant risk of headache (48% vs. 19% for placebo, p!0.001) and dizziness (29%

vs. 12% for placebo, p!0.001). No data have yet been provided about the proportion of

patients who discontinued the active treatment due to intolerance of side effects. Among

the most important unanswered questions regarding the AHeFT results is whether these

benefits can be extended to a wider population of patients with heart failure than

African Americans alone. The mechanistic considerations that led this trial to focus on

African American patients (lower bioavailability of NO) also raise questions about

whether this therapy will be as efficacious in other patient populations (61,62).

Additionally, the same subgroup analyses supporting efficacy of this therapy in

African American patients suggest a lack of efficacy in Caucasians. Future research will
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be required to identify markers of likely responsiveness to this therapy beyond racial

classifications.

Amlodipine

Dihyrdopyridine calcium channel antagonists have hemodynamic vasodilator properties.

The calcium channel blocker amlodipine was studied in the Prospective Randomized

Amlodipine Survival Evaluation (PRAISE), a double-blind, placebo-controlled trial in

patients with severe heart failure (NYHA class IIIb or IV) (63). PRAISE demonstrated no

significant difference in mortality or cardiovascular morbidity between amlodipine and

placebo added to the regimen of digoxin, diuretics, and ACE inhibitors. Secondary

analysis of the data revealed a differential effect based on etiology, with non-ischemic

patients deriving significant benefit from amlodipine compared to placebo. This finding

led to the PRAISE 2 study, which compared amlodipine to placebo in patients with non-

ischemic cardiomyopathy. In this follow-up study, no benefit was seen with amlodipine,

suggesting that the subgroup analysis of PRAISE 1 may have been due to chance alone.

Taken in total, the PRAISE trials suggest that amlodipine appears to be a relatively safe

agent to use for ischemic or hypertension in the context of heart failure, but that it is not an

efficacious treatment for heart failure itself.

CONCLUSIONS

Vasodilator drugs address one of the fundamental abnormalities of the heart failure

syndrome-excessive vasoconstriction. A variety of agents are available for both acute and

chronic use, each with varying hemodynamic effects, efficacy, and side effects. Clearly, all

classes of vasodilators, even those with similar hemodynamic effects, do not have the same

effects on outcomes in heart failure. Factors related to the class of drugs (such as

mechanism of action) and to the individual patient (such as race) have an important impact

on the choice of therapy. In chronic heart failure, ACE inhibitors remain the vasodilator of

choice for patients with heart failure.

In patients intolerant of ACE inhibitors, ARBs appear to be an efficacious

alternative, and these agents may provide morbidity benefit when added to ACE inhibitor

therapy. Recent data suggest that African Americans may benefit uniquely from a

combination of nitrates and hydralazine when added to standard therapy. In acute

decompensated heart failure, the search for the optimal, safe, balanced vasodilator

continues. Nesiritide shows some promise in this regard, but recent concerns about its long

term safety will require adequately powered clinical trials to provide definitive data on its

safety and efficacy. Ongoing research will continue to refine the role of these agents in the

management of acute and chronic heart failure.
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INTRODUCTION

Activation of the sympathetic nervous system in congestive heart failure was initially

described in 1962 by Chidsey et al. who found that heart failure patients had

augmented norepinephrine responses at rest and during exercise (1). The significance

of the sympathetic nervous system in the pathophysiology of heart failure became

increasingly more apparent as circulating catecholamine levels were found to correlate

with disease severity and mortality in heart failure patients (2,3). While

sympathoadrenergic activation initially improves and maintains cardiac function, the

compensatory response eventually turns pathologic and maladaptive. The mechanisms

by which sustained sympathoadrenergic activation leads to declining cardiac function

are complex, involving deleterious alterations in the b-adrenergic receptor signaling

pathway as well as direct cardiotoxic effects of norepinephrine. That b-adrenergic

receptor antagonists, b-blockers, would have a role in the treatment for heart failure

may now seem rudimentary. However, early paradigms of heart failure focused

primarily on reduced systolic function and regarded negative inotropes such as

b-blockers as intuitively contraindicated. It is only after nearly half a century of basic

science investigations establishing biological rationale, mechanistic studies showing

physiologic effects, and large randomized clinical trials (4–12) demonstrating

morbidity and mortality benefits that b-blockers are now accepted as a weapon in

the standard armamentarium against heart failure.

This chapter reviews the biology of the b-adrenergic signaling pathway in the

cardiovascular system, the pathologic effects of chronic sympathoadrenergic

activation, the pre-clinical evidence for b-blockade in heart failure, and the major

clinical trials of b-blockers in heart failure management. It also offers an overview of

clinical guidelines for b-blocker use in the management of congestive heart failure

and addresses issues relevant to clinical practice.
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b-ADRENERGIC SIGNALING IN THE CARDIOVASCULAR SYSTEM

Contraction and relaxation of cardiac myocytes and vascular smooth muscle is

mediated by a complex system of myofilament proteins, transmembrane ion channels,

cell surface receptors, and signal transduction proteins. The sympathetic nervous

system is an important regulator of this molecular machinery, especially in responses

to stress. The ultimate effects of sympathetic stimulation are mediated by epinephrine

and norepinephrine, which respectively act upon a- and b-adrenoceptors that are

distributed throughout the cardiovascular system (Table 1, Figure 1). These two

principal types of catecholamine receptors are differentiated by their potency profiles.

Alpha-receptors are many times more potently activated by epinephrine and

norepinephrine than isoproterenol, whereas b-receptors are more potently activated

by isoproterenol. These major receptor groups are further classified into subtypes and

are coupled by G proteins to various effector proteins. The various G proteins involved

in adrenoceptor function include Gs, the stimulatory G protein of adenylyl cyclase

(AC); Gi, the inhibitory G protein of AC; and Gq, the protein that couples a-receptors

to phospholipase C (PLC).

Alpha Receptors

Typically, a1 receptors stimulate polyphosphoinositide hydrolysis, leading to the

formation of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). In certain

smooth muscle cells, the activation of the IP3-DAG pathway results in the release of

sequestered calcium ions from intracellular stores, thereby increasing cytoplasmic

concentration of free Ca2C and activating various calcium-dependent protein kinases. By

controlling calcium influx in vascular smooth muscle cells, the a1 adrenergic pathway

regulates vascular tone and, indirectly, blood pressure. Other signal transduction pathways

Table 1 Classes of Adrenoceptors

Type

Typical

location Tissue Effect of ligand binding Action

a1 Postsynaptic Vascular smooth

muscle

[IP3 and DAG, [Ca2C Contraction

Cardiac muscle Increases contractility

a2 Presynaptic Platelets Inhibit AC, YcAMP Aggregation

Some vascular

smooth muscle

Contraction

Lipocytes Inhibition of lipolysis

b1 Postsynaptic Cardiac muscle Stimulate AC, [cAMP Increases contractility

Increases chronotropy

Increases lusitropy

b2 Postsynaptic Vascular smooth

muscle

Stimulate AC, [cAMP Relaxation

Skeletal muscle Promotes potassium

uptake

Hepatocytes Activates glycogen-

olysis

b3 Postsynaptic Lipocytes Stimulate AC, [cAMP Activates lipolysis

Source: Adapted from Ref. 13.
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activated by a1-receptors include those implicated in cell growth, mitogen-activated

kinase (MAP kinase) and polyphosphoinositol-3-kinase (PI-3-kinase) pathways. Coupled

to the inhibitory regulator protein Gi, a2 receptors inhibit AC activity and cause

intracellular cyclic adenosine monophosphate (cAMP) levels to decrease. Some of the

effects of a2 adrenoceptors are independent of AC inhibition, such as the activation of

potassium channels and closing of calcium channels. Furthermore, Gq, which mediates

interaction between some a receptors with PLC, may be involved in myocyte hypertrophy

and apoptotic signaling (14).

Beta Receptors

All three subtypes of b receptors activate AC and, via the stimulatory coupling protein Gs,

increase conversion of ATP to cAMP. Cardiac b receptors are primarily of the b1 subtype,

whereas most non–cardiac b receptors are b2. However, there is evidence that myocardium

contains both b1 and b2 adrenoceptors (15,16). b1-receptor activation results in increased

intracellular calcium concentrations and enhanced calcium cycling within cardiac

myocytes, leading to positive chronotropic, lusitropic, and inotropic effects. While

similarly increasing intracellular cAMP concentrations via Gs and AC activation, b2

adrenergic stimulation relaxes peripheral vascular smooth muscle.

Adrenergic Activation as Acute Compensation

Early in heart failure, the diminished cardiac output is sensed by baroreceptors as a fall in

blood pressure, thereby triggering a reflexive increase in sympathetic outflow. This central

sympathoadrenergic stimulation leads to increased release and decreased uptake of

norepinephrine. Elevated norepinephrine levels mediate arteriole constriction, increase

venous return to the heart via constriction of capacitance vessels, and directly stimulate the

heart by increasing ventricular contractility and heart rate. Adrenergic activation thus

effectively increases peripheral vascular resistance and cardiac output. While this initially

serves to raise cardiac output and heart rate, sustained adrenergic activation increases

myocardial oxygen demand, ischemia, and oxidative stress. The progressive worsening

of ventricular function eventually overwhelms any acute compensation offered by

adrenergic activation. Negative feedback mechanisms render myocytes less responsive

to adrenergic stimuli, further diminishing cardiac contractile function. Moreover, chronic

adrenergic activation has other deleterious effects on the cardiovascular system, such as

ventricular remodeling and arrhythmogenesis.

Pathologic Consequences of Adrenergic Activation

Myocardial Stunning with Sudden Sympathoadrenergic Stimulation. The

pathologic consequences of acute adrenergic activation are manifested in the profound,

reversible left ventricular dysfunction precipitated by sudden emotional stress, a syndrome

known as “stress cardiomyopathy” (17). Such acute, stress-induced myocardial

dysfunction has been referred to as “takotsubo cardiomyopathy” (18–20) and “transient

left ventricular apical ballooning” (21,22). Although the exact mechanism remains

unknown, supraphysiologic levels of plasma catecholamines and stress-related neuropep-

tides in patients with stress cardiomyopathy suggest an association between sympathoa-

drenergic stimulation and myocardial stunning (23). It has been surmised that the high

catecholamine state causes microvascular (24,25) and epicardial coronary arterial

vasospasm (26,27) as well as direct myocyte injury (28–34).
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Decreased b-Adrenergic Responsiveness. Prolonged adrenergic stimulation

affects the functional state of adrenoceptors as well as their density on the cell surface

(35). The net result is an impaired ability of the heart to respond to further adrenergic

stimulation, which translates into a reduced capacity to mount a stress response. The

cellular mechanisms responsible include receptor desensitization (36–39), internalization

(40), lysosomal degradation (41), and down-regulation (42–45). Desensitization of the b
receptor occurs as sustained stimulation induces b agonist receptor kinase (bARK)

activity, which recruits arrestins to the adrenoceptor G protein subunit and causes

conformational changes in the receptor (46–49). This conformational change uncouples b
receptor from G protein activity. Yet another uncoupling mechanism involves cAMP-

triggered phosphorylation of the b-receptor, preventing interaction of Gs with the receptor.

Receptor desensitization occurs rapidly and is a short-term change. More relevant to

chronic adrenergic activation, as is seen in chronic heart failure, is the long-term inhibitory

mechanism of receptor sequestration and down-regulation.

Sequestration is a rapid and reversible process by which receptors are actively

removed from the plasma membrane and internalized into an endosomal sorting system.

Sequestration and internalization also decouples the b-adrenoceptor from agonists and

G protein, further limiting the positive inotropic and chronotropic effects of

sympathoadrenergic stimulation. The process of receptor down-regulation is not as well

delineated but likely involves a combination of accelerated receptor removal from the

plasma membrane and decreased rate of receptor synthesis. A slower process than

sequestration, down-regulation ultimately results in the destruction of adrenoceptors.

In congestive heart failure, there is a selective down-regulation of b1-receptors but

not b2-receptors (50–56). The density of the b1-receptor may be decreased by as much as

50% to 70% (57), resulting in a relative up-regulation of cardiac b2-receptors.

Remodeling—Fibrosis, Apoptosis, Hypertrophy. The above mechanisms of

desensitization, sequestration, and down-regulation effectively diminish any beneficial

compensatory results of chronic adrenergic activation. Yet chronic adrenergic activation

has deleterious effects on the cardiovascular system beyond those mediated by negative

feedback mechanisms. On the physiologic level, sympathoadrenergically-triggered

peripheral vasoconstriction increases both preload and afterload, placing additional

mechanical stress on the failing myocardium. The long-term mechanical stress contributes

to ventricular remodeling, leading to a dilated, less contractile ventricle.

Chronic adrenergic activation also produces cellular and molecular abnormalities

that contribute to the progressive decline of myocardial function. Although inaccessible to

either agonists or G proteins, sequestered adrenoceptors continue to participate in growth-

stimulating signal transduction pathways via arrestin and MAP kinase, which results in the

promotion of cardiac cell growth and hypertrophy (58). Norepinephrine itself has toxic

cardiac effects, causing cell death by both necrosis and apoptosis. The cardiotoxicity of

catecholamines has been recognized since at least 1907, when catecholamine-induced

cardiac necrosis was first reported (59). The primary mechanism of norepinephrine-

induced toxicity has since been determined to be cAMP-mediated calcium overload, the

results of which are diminished cardiomyocyte viability and decreased protein synthesis in

remaining viable cardiomyocytes (60). Apoptosis has been implicated as one of the

molecular mechanisms leading to end stage heart disease, regardless of etiology of

cardiomyopathy (61–66). Studies in adult rat ventricular myocytes and transgenic mice

have demonstrated promotion of cardiomyocyte apoptosis by b1 adrenergic receptor

stimulation and a downstream cAMP-dependent mechanism (likely involving the

mitogen-activated protein kinase superfamily), as well as variable inhibition of
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cardiomyocyte apoptosis by b2 adrenergic receptor stimulation and its coupled effector

pathways (65,67–73).

Arrhythmogenicity. In chronic heart failure, death ensues from either progressive

heart failure or sudden death, which may have cardiac or non-cardiac causes (5,6,74).

Data suggest that a significant proportion of sudden deaths are due to ventricular

fibrillation (74). A high catecholamine state has been associated with increased

arrhythmogenicity via decreased threshold for ventricular fibrillation (75–78). Further-

more, b-blockers have demonstrated a protective effect on sudden death in conditions of

hypertension (79), post-myocardial infarction (80), and chronic heart failure (5,6), lending

additional proof that adrenergic activation promotes arrhythmogenesis.

Mortality. Prolonged activation of the adrenergic system is not only maladaptive,

causing progressive deterioration of cardiac function, but also predictive of poor

prognosis. Plasma norepinephrine levels have long been known to proportionately

correlate with heart failure severity and mortality (2,3,81–84). Early in congestive heart

failure, cardiac output and plasma catecholamines are normal at rest. However, with

exercise, cardiac output is limited and plasma catecholamines increase to abnormally high
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Figure 1 Distribution and function of adrenoceptors.
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levels (1). As the disease progresses, plasma norepinephrine levels become elevated even

at rest, with the degree of elevation directly reflecting the severity of cardiac dysfunction

(2,84). The V-HeFT II trial established a direct relation between plasma norepinephrine

and mortality, as those with lowest plasma norepinephrine levels had the lowest

cumulative mortality rates.

EVIDENCE FOR THE ROLE OF BETA-BLOCKADE

As our understanding of the role of the adrenergic signaling pathway in the patho-

physiology of heart failure has grown, so has the therapeutic potential of b-adrenoceptor

antagonists. The first report of b-blocker use in congestive heart failure came from an

observational study by Waagstein et al. in 1975 (85) in which seven patients with

advanced cardiomyopathy showed echocardiographic and symptomatic improvement of

ventricular function with b-blockade. Multiple studies have shown that treatment with

b-blockers is associated with significant physiologic and hemodynamic improvements,

including increases in left ventricular ejection fraction (EF) and cardiac index and a

decrease in LV end diastolic pressure (86–96). Furthermore, b-blockers also decrease

cardiac arrhythmias and sudden cardiac death (74,75,79,80,97–99).

In this section we will review the major clinical trials of b-blockers in the

management of chronic heart failure, starting with those that demonstrated physiologic

benefit with b-blocker use, then those that demonstrated symptomatic, morbidity, and,

finally, mortality benefit (Table 3).

Physiologic/Functional Benefit

Australia, New Zealand (ANZ) Heart Failure Research

This randomized controlled trial of carvedilol in 415 patients with New York Heart

Association (NYHA) Class II–IV heart failure was conducted in six hospitals in New

Zealand and 14 hospitals in Australia over 19 months. The rationale behind the study

was that beta-blockers, by improving left ventricular function, could improve exercise

and functional ability in patients with heart failure due to ischemic disease. The target

carvedilol dose was 25 mg BID. Although beneficial effects on left ventricular function

and size were maintained for at least one year after treatment, carvedilol had no clear

effect on exercise performance, symptoms, or episodes of worsening heart failure. There

was an overall 21% reduction in combined endpoint of death and hospital admission.

However, when only death was examined, there was no significant difference between

the two groups. There were also no significant differences in treadmill exercise time,

distance walked in 6 minutes, or NYHA functional class (100,101).

Multi-center Oral Carvedilol Heart Failure Assessment (MOCHA)

This multi-center, placebo-controlled trial aimed to establish the efficacy and safety of

carvedilol in improving exercise tolerance in 345 subjects with mild to moderate, stable

chronic heart failure. Three different doses of carvedilol were studied: low (6.25 mg),

medium (12.5 mg), and high (25 mg), each given twice daily. Following an up-titration

period of 2–4 weeks, patients were treated for an average of 6 months. Baseline heart

failure management at time of study entry included angiotensin converting enzyme

inhibitors (ACE-I), digitalis, and loop-diuretics in more than 90% of the patients.
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Approximately 30% of patients in each group were also treated with vasodilators.

Submaximal exercise tolerance was measured by the 6-minutes walk test and 9-minutes

self-powered treadmill test. Carvedilol had no effect on either measure of exercise

tolerance but was associated with dose-related improvements in LV function as reflected

by EF. Furthermore, the all-cause actuarial mortality risk and hospitalization rate in

carvedilol-treated patients were significantly lower (102). Since this study was not

designed to evaluate the effect of carvedilol therapy on mortality, the mortality rates were

assessed primarily as a safety end point.

Symptomatic Improvement

Prospective Randomized Evaluation of Carvedilol on Symptoms

and Exercise (PRECISE)

The effect of carvedilol on symptomatic status, with exercise tolerance as the primary

end-point, was studied in this multi-centered, double-blind, randomized controlled trial

of 278 patients with moderate to severe heart failure (NYHA Class III–IV). An open-

label run-in period of two weeks ensured that only those who tolerated carvedilol at a

dose of 6.25 mg bid were randomized into the study. Patients remained on a background

therapy of ACE-I, digoxin, and diuretics as they were treated with either placebo or

carvedilol (target dose of 25 mg to 50 mg twice daily). Carvedilol treatment led to not

only improved ejection fraction and reduced combined morbidity and mortality risk but

also to symptomatic improvement and lower risk of clinical deterioration, as measured

by NYHA functional class and the patient’s or physician’s global assessment. Of note,

there was no significant, consistent improvement in the carvedilol group with respect to

the primary end-point of exercise tolerance as measured by the 6-minute walk test and

9-minute treadmill test (103). Mortality rates were determined as part of the safety

assessment.

U.S. Carvedilol Heart Failure Study—Mild CHF

In the same issue of Circulation in which the MOCHA and PRECISE trials were

published, Colucci et al. reported the effects of carvedilol on the clinical progression of

heart failure in patients with mild heart failure due to left ventricular systolic

dysfunction. Almost all the patients in this study were NYHA functional class II.

Although clinical severity of heart failure in these randomized patients was mild, left

ventricular ejection fraction was markedly reduced, averaging 23%. Nearly all patients

received triple therapy of ACE-I, digoxin, and diuretics at baseline. Open-label run-in

and up-titration periods were also incorporated into the study design. The primary end-

point was clinical progression of heart failure, defined as death due to heart failure,

hospitalization for heart failure, or the need for sustained increases in heart failure

medications. Secondary end-points included changes in left ventricular ejection fraction,

NYHA functional class, heart failure symptom score, global patient assessment, and

quality of life. Carvedilol reduced clinical progression of heart failure by 48% over the

12-month follow-up period. Significant improvements were also seen in several

secondary end-points. Despite a reduction in all-cause mortality with carvedilol

treatment, quality of life (as assessed by the Minnesota Living with Heart Failure

scale) and exercise tolerance (as measured by the 9-minute treadmill test) were not

affected by carvedilol (104).
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Morbidity Benefit

The Metoprolol in Dilated Cardiomyopathy Trial (MDC)

One of the earliest large, multi-centered, randomized controlled trials of beta-blockade in

heart failure, MDC studied the effect of metoprolol in 383 patients with NYHA class II–III

heart failure. The primary combined end-point in this trial was mortality and morbidity,

with morbidity captured as the need for cardiac transplant. The study employed a run-in

period and then a subsequent up-titration period to a study target daily dose of 100–

150 mg. Metoprolol conferred no statistically significant benefit on the primary end-point

but did significantly retard clinical deterioration via a reduced need for cardiac transplant

(4). Metoprolol also improved ejection fraction, quality of life, and exercise capacity

compared to placebo. There was no difference in hospitalization.

The Cardiac Insufficiency Bisoprolol Study—I (CIBIS-I)

Although it failed to demonstrate a survival benefit, CIBIS-I established significant

morbidity benefit with bisoprolol treatment in patients with moderate to severe heart

failure. In this study of 641 patients with NYHA class III–IV heart failure of various

etiologies, bisoprolol was associated with improved NYHA functional status and

decreased hospitalizations due to cardiac decompensation over the follow-up period

(mean 1.9 years) (105). All patients received background diuretic and vasodilator therapy

during the study.

Mortality Benefit

The Beta-Blocker Evaluation of Survival Trial (BEST)

The effect of bucindolol on patients with more advanced heart failure was later revisited in

BEST, a double-blind randomized controlled trial of 2708 patients with NYHA Class

III–IV heart failure. No difference in the primary end-point of all-cause mortality was seen

between the bucindolol and placebo groups. However, the trial was terminated early

(average follow up of 2 years) at the recommendation of the data and safety monitoring

board because risk of the secondary end-point, death from cardiovascular causes, was

indeed lower in the bucindolol group. Risk of heart transplantation or death, as well as

hospitalization for heart failure, was also lower with bucindolol treatment (12).

U.S. Carvedilol Heart Failure Study

This stratified, multi-center, randomized controlled trial pooled together the data from

MOCHA, PRECISE, and two other trials to assess the effect of carvedilol on the

occurrence of death or hospitalization for cardiovascular reasons. The 1094 patients

with chronic heart failure enrolled in the study were assigned to one of four protocols

based upon their exercise capacity. Patients were randomized to either placebo or

carvedilol only after successful completion of an open-label run-in period. A titration

period was incorporated into the design study, with a target dose of 25 mg–50 mg twice

daily based on patient weight. Background therapy with an ACE-I, digoxin, and diuretics

was continued during the study. A 65% reduction in overall mortality risk was attributed to

carvedilol treatment, thereby leading to early termination of the study. Furthermore,

carvedilol therapy was associated with a 27% reduction in the risk of hospitalization

for cardiovascular causes and a 38% reduction in the combined risk of hospitalization or

death (105,106).
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The Metoprolol CR/XL Randomized Intervention Trial in Congestive Heart

Failure (MERIT-HF)

Extended-release metoprolol was tested for treating NYHA Class II–IV heart failure in

3991 patients. Randomization to placebo or metoprolol CR/XL was preceded by a single-

blind placebo run-in period. Titration toward a target dose of 200 mg daily occurred over

an 8-week period. The two primary end points were all-cause mortality and all-cause

mortality in combination with all-cause hospitalization. As with BEST and the US

Carvedilol Heart Failure Study, MERIT-HF was also terminated early on the

recommendation of an independent safety monitoring board. All-cause mortality was

34% lower in metoprolol treated patients than placebo patients. Metoprolol reduced the

combined end-point of mortality and all-cause hospitalization by 19%. There were 31%

fewer deaths from all causes and hospitalizations for heart failure in the metoprolol group.

All-cause hospitalization alone was lowered by 13%, hospitalization for all heart-related

causes by 20%, and hospitalization for worsening heart failure by 32%. (6,105,106)

The Cardiac Insufficiency Bisoprolol Study II (CIBIS-II)

Whereas CIBIS-I demonstrated only morbidity benefit with bisoprolol treatment, CIBIS-II

demonstrated a 33% reduction in all-cause mortality with bisoprolol treatment. The study

enrolled 2647 patients with NYHA Class III–IV heart failure and ejection fractions

%35%, with an average EF of 27%. All patients received standard therapy with ACE

inhibitors and diuretics, and were randomized to either placebo or bisoprolol, titrated to a

target dose of 10 mg daily and followed over a mean of 1.3 years. The study was stopped

early because bisoprolol showed a significant benefit on the primary end-point of overall,

all-cause survival. Bisoprolol reduced the risk of death by 33% and the risk of cardiac-

related death by 44%. Bisoprolol patients also had fewer overall hospitalizations, as well

as fewer combined cardiovascular deaths and cardiovascular hospitalizations. The benefits

of bisoprolol were independent of either severity or etiology of heart failure (5).

The Carvedilol Prospective Randomized Cumulative Survival

Trial (COPERNICUS)

Although CIBIS-I and II, MERIT-HF, BEST, and the US Carvedilol Heart Failure Study

all included patients with more advanced heart failure, NYHA Class IV heart failure

patients comprised a small portion (3–16%) of the study population in those trials.

COPERNICUS is particularly significant since its patients had the most advanced heart

failure of any large-scale clinical trial of beta-blockade to date. All 2289 patients had

NYHA Class III–IV heart failure of various etiologies and left ventricular ejection

fractions !25%. Ischemic cardiomyopathy was twice as common as non–ischemic

cardiomyopathy. Patients were symptomatic at rest or with minimal activity, despite

treatment with an ACE-I and diuretics. While the mean EF was !20%, patients did not

have any evidence of volume overload upon study entry. Randomization to either placebo

or carvedilol was followed by titration over several weeks from an initiation dose of

3.125 mg twice a day to a target dose of 25 mg twice a day. The primary end-point was all-

cause mortality; secondary end-points included the combined risk of death and

hospitalization as well as patient self-assessment of clinical status. The trial was

terminated early when the data and safety monitoring board noted a highly significant

effect on mortality in the patients treated with carvedilol. The all-cause mortality rate was

35% lower in the carvedilol group than in the placebo group; the survival benefit was

notable as early as 4 months and the difference in survival widened over the next 2 years.
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The survival benefit attributable to carvedilol was independent of patient gender, age,

ejection fraction, etiology of cardiomyopathy, or hospitalization within the previous year.

With respect to secondary end-points, carvedilol reduced the risk of death or any

hospitalization by 24%, the risk of death or any cardiac hospitalization by 27%, and the

risk of death or any heart failure hospitalization by 31%. COPERNICUS demonstrated

that even the highest risk heart failure patients not only tolerated beta-blockade with

carvedilol with fewer serious adverse effects but also benefited significantly with respect

to mortality and morbidity (8–10,107).

The Carvedilol or Metoprolol European Trial (COMET)

As b-blockers differ in their pharmacologic profiles (i.e., adrenergic receptor selectivity

and ancillary properties) (Table 3), the COMET study set out to compare the effects of

carvedilol and short-acting metoprolol (tartrate) on mortality and morbidity in patients

with mild to severe chronic heart failure. Three thousand and twenty-nine patients with

NYHA Class II–IV heart failure were randomized to either carvedilol or metoprolol in a

parallel-group study design. Patients were titrated to a target dose of 25 mg twice a day for

carvedilol and 50 mg twice a day for metoprolol. All-cause mortality was 34% for

carvedilol and 40% for metoprolol, reflecting a 17% reduction in mortality with carvedilol

over metoprolol. There was no significant difference between the two treatment groups in

the composite end-point of mortality and hospitalization. The study suggested that

carvedilol extends survival in heart failure patients compared to metoprolol (11).

However, the pharmacodynamic considerations and hemodynamic data of the

COMET trial suggest disparate degrees of b1-blockade attained with carvedilol and

metoprolol tartrate (immediate-release). Without equivalent b1-blockade in the two

treatment groups, no potential incremental benefits of selective- versus nonselective-

adrenergic blockade can be concluded. Furthermore, metoprolol tartrate was found by the

MDC trial to have no significant benefit on the combined end point of mortality and need

for cardiac transplantation (109). It was the long-acting formulation of metoprolol,

metoprolol succinate, that demonstrated a survival benefit in heart failure (6).

Summary: Collectively, these randomized controlled clinical trials have assessed

the safety and efficacy of b-blockers in tens of thousands of patients with stable, chronic

heart failure of wide-ranging severity. The benefits of b-blockers on cardiac physiology,

heart failure symptoms, functional status, morbidity, and mortality have been

demonstrated across gender, age, and race, regardless of the etiology of heart failure

and despite optimized medical management with ACEI, diurectics, and, in some, digitalis.

Yet the efficacy of b-blockers cannot be considered a class effect, as xamoterol,

bucindolol, and short-acting metoprolol (tartrate) do not confer an overall mortality benefit

in heart failure patients (12,109,110). As such, the ACC/AHA guidelines for the

Table 3 b-Blockers Used in Mortality Clinical Trials of Chronic Heart Failure Patients

Drug (trade name) Adrenergic selectivity Ancillary properties

Bisoprolol (Zebetaw) b1 None

Bucindolol (Bextraw) b1, b2 Vasodilatory

Carvedilol (Coregw) a1,b1, b2 Vasodilatory, antioxidant

Metoprolol tartrate (Lopressorw) b1 None

Metoprolol succinate (Toprol XLw) b1 None

Source: Adapted from Ref. 108.
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evaluation and management of chronic heart failure in adults recommend the inclusion of

any one of the proven b-blockers—bisoprolol, long-acting metoprolol (succinate), or

carvedilol—in the management of post–myocardial infarction stage B heart failure, stage

B heart failure with reduced LVEF, and stable stage C heart failure.

CLINICAL GUIDELINES

Based on the evidence presented in the previous sections, b-blockade has become a front-

line therapy for the treatment of heart failure. However, the application of b-blockade to

individual patients continues to evolve in the context of new device and pharmacologic

therapies, new clinical research data, and accumulating clinical experience. Here we offer

guidelines for using b-blockers that are based in part on American Heart Association and

American College of Cardiology consensus statements (111), with the caveat that these

recommendations will continue to evolve.

Choice of Beta-Blocker

While bisoprolol, metoprolol succinate, and carvedilol have all demonstrated therapeutic

benefits in chronic heart failure, their relative efficacies have not been directly compared.

Given the variation in adrenoceptor selectivity and ancillary properties amongst the three

b-blockers, disparities in survival benefit might be expected. In fact, the COMET trial

suggested additional survival benefit with carvedilol over metoprolol tartrate. However,

metoprolol succinate, not metoprolol tartrate, was shown to reduce all-cause mortality in

the MERIT-HF trial. Metoprolol tartrate failed to show any benefit on the combined

primary end-point of mortality or need for cardiac transplant in the MDC trial. How

carvedilol compares to an equivalent target dose of metoprolol succinate remains

unanswered. In the absence of any evidence identifying one particular b-blocker as the

most effective medication, any one of the three b-blockers with proven mortality benefit

may be used in the management of chronic heart failure.

Relationship to Other Heart Failure Medications

b-blockers should be initiated in all patients with stable heart failure as soon as left

ventricular dysfunction is diagnosed, even if patients are asymptomatic. Sufficient disease

stability, however, is required. That is, patients should be relatively euvolemic, should not

be hospitalized in an intensive care unit, and should not have had any recent treatment with

an intravenous positive inotropic agent. If a patient does not satisfy these conditions of

clinical stability, management should be optimized first with other heart failure

medications (i.e., diuretics). Once disease stability is attained, the patient can then be

re-assessed for b-blockade.

Even if clinically stable, patients with the slightest evidence or recent history of fluid

retention should be prescribed diuretics while on b-blockers. The initiation of b-blockers

can at times be accompanied by an exacerbation of fluid retention (112–114), making

diuretics necessary for maintaining sodium and fluid balance.

Assuming patient clinical stability, b-blockade should be initiated regardless of a

patient’s regimen with other heart failure medications. The benefits of b-blockade, as

evidenced in the numerous randomized controlled trials, are additive even in patients

receiving treatment with ACE-I and diuretics (5,6,9,11,106). Furthermore, most patients in

the large randomized controlled b-blocker trials were not on high doses of ACE-I. In view
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of that, ACE-I need not be up-titrated to target doses attained in clinical trials of ACE-I

before b-blockers are incorporated into heart failure management. The addition of a

b-blocker to low-dose ACE-I improves heart failure symptoms and reduces the risk of

disease progression or death more so than even increasing the dose of ACE-I (115,116).

In fact, b-blockade can be started in combination with or prior to ACE-I therapy

without fear of increased adverse side effects. Under-utilization and delayed initiation of

b-blockers are in large part due to the common perception that b-blockers are not as well

tolerated as ACE-I in heart failure, and to the concern that concomitant ACE-I-mediated

after-load reduction is crucial to off-load the failing heart prior to initiating b-blockade.

However, a double-blind, randomized, parallel-group study of carvedilol and enalapril in

patients with mild chronic heart failure found no significant differences in adverse events

or withdrawals between those patients treated with carvedilol alone, enalapril alone, or the

combination of carvedilol and enalapril. Although the study compared safety and

tolerability of treatment and was not designed or powered for assessing morbidity and

mortality outcomes, combination therapy with carvedilol and enalapril resulted in trends

toward fewer cardiovascular and heart failure events than monotherapy (117).

Titration Strategies: Target Dose, Titration Interval

b-blockers should be started at very low doses and up-titrated over several weeks. In

clinical trials, the starting dose of bisoprolol was 1.25 mg daily (5); metoprolol succinate,

12.5 mg or 25 mg daily, depending on NYHA functional status (6); and carvedilol,

3.125 mg twice daily (9,11,106). Bisoprolol was titrated in dosing increments of 1.25 mg

to 2.5 mg over titration intervals of one to four weeks for a target dose of 10 mg daily. Up-

titrations of carvedilol and metoprolol were performed as dose doublings every two weeks

to target doses of 25–50 mg twice daily and 200 mg once daily, respectively. Lower doses

were prescribed only if patients could not tolerate higher doses. Physicians should aim for

the target doses used in clinical trials as the effectiveness of low dose b-blockers has never

been evaluated.

Patients, particularly those with more severe heart failure, should be closely

monitored throughout the titration period for evidence of symptomatic bradycardia and

fluid retention. Weight gain reflective of fluid retention should be immediately managed

with higher doses of concomitant diuretics, and incremental up-titration of b-blockers

should be withheld until side effects subside. Various clinical studies on b-blocker titration

failure and tolerability, however, have found that titration failure is independent of

severity of heart failure and that even patients with more advanced heart failure tolerate

b-blockade without increased risk of clinical deterioration (118–121).

Continuation During Decompensation and Inotrope Use

Despite the significant beneficial effects of b-blockers and other heart failure medications,

congestive heart failure remains a progressive disease in which patients are susceptible to

episodic decompensation. Sudden withdrawal of chronic b-blockade can lead to further

clinical deterioration and worsening heart failure (122, 123), arguing for continued

b-blocker treatment during heart failure exacerbations. Yet, should b-blockade be

continued in patients with decompensated heart failure requiring intravenous inotropic

support? Does the choice of intravenous inotropic agent affect hemodynamic and clinical

outcomes? Does the choice of b-blocker influence efficacy of inotropic agent?

The most commonly used inotropic drugs used to treat patients with decompensated

heart failure are the b-adrenergic receptor agonist dobutamine and the type III
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phosphodiesterase inhibitors (PDE) milrinone and enoximone. A partial b1-adrenoceptor

agonist with post–synaptic b2-vasodilatory and a1-vasoconstrictive activity, dobutamine

improves cardiac output without significant change in systemic vascular resistance.

Milrinone and enoximone inhibit type III PDE, raising cAMP levels in the myocardium

and vascular smooth muscle, which then trigger a signaling cascade involving protein

kinase A, phospholamban, and L-type calcium channel phosphorylation. Type III PDE

inhibition ultimately produces positive lusitropic and inotropic effects, leading to greater

cardiac output. One distinguishing difference between these two classes of inotropic drugs

is that type III PDE inhibitors act distally to the b-adrenergic receptor. Thus, while the

inotropic effects of dobutamine depend upon the availability of b-adrenoceptors and on the

b-adrenergic pathway, the lusitropic and inotropic effects of type III PDE inhibitors do not.

The safety of concurrent b-blockade in heart failure patients receiving inotropic

therapy has been addressed in retrospective observational analyses only. A small study

found that carvedilol titration could be achieved in NYHA Class IIIb–IV heart failure

patients who required intermittent intravenous milrinone therapy, with similar success

rates as in patients with NYHA Class II–IIIa, after reaching a stable clinical state with

milrinone and triple oral therapy of ACE-I, diuretics, and digoxin. Most patients showed

improvement in functional class with combination intermittent milrinone infusion and

carvedilol titration and, furthermore, were successfully weaned off intravenous inotropic

support (121).

The Outcomes of a Prospective Trial of Intravenous Milrinone for Exacerbations of

Chronic Heart Failure (OPTIME-CHF) was a multi-center, randomized, double-blind

placebo-controlled trial of milrinone in patients hospitalized for heart failure exacerbation.

An observational analysis by Gattis et al. compared the clinical outcomes between patients

treated with b-blockers versus those not on b-blockers at time of admission. The data

revealed no difference in clinical events between the two patient groups, suggesting that

continuation of chronic b-blocker therapy in patients admitted for heart failure

exacerbation does not increase the risk of adverse clinical events, even when patients

require milrinone infusion therapy. Furthermore, b-blockers did not appear to diminish the

effect of therapies used for worsening heart failure, including intravenous inotropic

support, or prolong length of hospital stay (124).

Studies of dobutamine response in the presence of b-blockade, however, have

yielded different results (125–127). b-blockade with carvedilol does blunt the

hemodynamic response to dobutamine. Relatively high doses of dobutamine are required

to produce improvements in cardiac output. Although dobutamine increases cardiac

output, it also increases systemic and pulmonary pressures, thereby increasing left

ventricular stroke work index more so than milrinone at comparable doses (126).

The differential hemodynamic responses to PDE inhibitors and dobutamine in

patients on chronic b-blockers are attributable to more than just the b-adrenoceptor-

independent mechanism of PDE inhibitors. In the failing human heart, high catecholamine

levels desensitize the b-adrenergic signaling pathway by down-regulating b1-adrenocep-

tors (128–130) and up-regulating inhibitory G-protein (131–134). Chronic b-blockade

may enhance the hemodynamic responses to PDE inhibitors via normalization of up-

regulated inhibitory G-proteins levels (135). Additionally, PDE inhibitors improve

diastolic function through their lusitropic effects, and improve cardiac index without

increasing myocardial oxygen consumption.

Metra et al. further demonstrated that the hemodynamic response is influenced not

only by the inotropic agent but also the b-blocker used. The favorable effects of

dobutamine—dose-dependent increase in cardiac index, heart rate, and stroke volume

index, and dose-dependent decrease in ventricular filling pressures—were diminished only
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slightly by metoprolol but were nearly extinguished by carvedilol (127). The contrasting

effects of the b-blockers may be explained by the selectivity of the b-adrenoceptor

antagonists as well as the responses to chronic b-blockade. A non–selective b-blocker,

carvedilol also blocks b2-adrenoceptors and does not up-regulate b1-adrenergic receptor

density (136). These two properties may inhibit the effects of dobutamine, which acts upon

both b1- and b2-adrenoceptors to a greater degree than selective b1-blockade by

metoprolol. In contrast with dobutamine, the hemodynamic responses to enoximone were

maintained or enhanced during concomitant b-blockade with either metoprolol or

carvedilol (127). This finding is consistent with the mechanism of action of type III PDE

inhibitors, which is distal to and independent of b-adrenergic receptors.

These studies favor the use of milrinone or enoximone over dobutamine to provide

inotropic support in severely decompensated heart failure patients on chronic b-blockade,

particularly carvedilol.

Consideration for Pacer Placement

b-blocker therapy, despite its proven mortality and morbidity benefits, remains under-

prescribed in chronic heart failure. Fewer than a third of heart failure patients in recent

large randomized clinical trials were on baseline b-blocker therapy (137,138). The

ADHERE registry (Acute Decompensated Heart Failure National Registry) revealed that

of 105,388 eligible heart failure patients admitted to community hospitals for heart failure

exacerbations, fewer than a half were receiving b-blocker therapy prior to admission

(139). Only about 70% of heart failure patients receiving care at specialized heart failure

outpatient clinics were treated with chronic b-blocker therapy (140). Physician hesitancy

in either initiating or up-titrating b-blocker therapy may be attributed to concerns over

worsening heart failure, hypotension, and bradycardia, all of which could be potentially

stabilized by cardiac resynchronization therapy (CRT). Aranda et al. addressed this

question of implementing CRT for the purpose of initiating and optimizing b-blocker

therapy (141). In this retrospective analysis, CRT was found to permit not only up-titration

of b-blockers in heart failure patients but also reintroduction of b-blocker therapy in

patients who had been previously intolerant of b-blockade.

Adverse Effects and Drug Interactions

b-blocker therapy can cause various adverse effects, such as fluid retention with worsening

heart failure (112–114), fatigue, bradycardia, and hypotension. Patients therefore must be

monitored for these adverse reactions when initiated and titrated on b-blockers.

Although the fluid retention associated with b-blockade is initially asymptomatic, it

can ultimately worsen heart failure symptoms. Fluid retention is best reflected by increases

in body weight. As such, physicians should closely monitor patients’ weight and adjust

concomitant diuretics accordingly. b-blocker-associated fatigue generally resolves

spontaneously within several weeks, but the sense of malaise and weakness can be

severe enough to limit b-blocker therapy. Fatigue can typically be managed by dose

reductions of the b-blocker. However, if the fatigue is ever accompanied by peripheral

hypoperfusion, b-blockade should be ceased and reinitiated at a later time. The

bradycardia and hypotension associated with b-blockade are generally asymptomatic

and require no treatment. However, if symptomatic bradycardia (i.e., light-headedness or

dizziness) or second- or third-degree heart block occurs, the b-blocker dose should be

reduced. If hypotension is accompanied by light-headedness, dizziness, or blurred vision,

other anti-hypertensive medications (i.e., ACE-I) should be reduced in dose. Also,
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medication regimens should be re-assessed for possible drug interactions that may

potentiate the effects of b-blockers on cardiac conduction or blood pressure, and, where

appropriate, substitutions should be made. CRT has been shown to have a potential role in

managing symptomatic bradycardia, hypotension, and heart block during b-blockade

therapy (141), but the evidence for cardiac pacing with or without CRT in b-blockade

optimization is limited.

FUTURE DIRECTIONS

Even with the morbidity and mortality benefits of b-blockers now firmly established, the

challenge remains in improving their rate of utilization in the management of chronic heart

failure. One area of investigation that may enhance the application of b-blockade therapy

is that of b-adrenergic receptor polymorphisms and their associations with clinical

progression of heart failure and responsiveness to b-blocker treatment (142–144).

Whether the non–selective b-blocker carvedilol is indeed superior to the selective

metoprolol or whether a patient tolerates b-blockade initiation and titration may well

depend upon polymorphisms in the b-adrenergic receptor genes, as suggested by some

studies (145–148). Large, prospective, multi-center trials, however, are needed to validate

such theories before pharmacogenomic approaches can be incorporated into practice

guidelines and used to individualize the treatment of patients with heart failure. Until then,

it is the physician’s prerogative to include any of the clinical trial-proven b-blockers in the

standard therapy of chronic heart failure.
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INTRODUCTION

Chronic heart failure (HF) affects nearly five million individuals and causes more than

200,000 deaths each year (1). Decompensated HF is a rapidly growing problem and

accounts for nearly one million admissions annually in the United States. Despite optimal

medical management, readmission rates remain as high as 30%–60% in the first six months

after an admission for decompensated HF (2). The goals of HF management are to alleviate

symptoms, improve quality of life, and prolong survival. Inotropic therapy remains one

of the most controversial treatment modalities in HF. Despite this, inotropes are often

employed in the acute management of decompensation as bridging strategies to definitive

treatment, and for palliation of symptoms at the end of life (Fig. 1). This chapter reviews the

currently available inotropic agents, their mechanisms of action, trial data regarding their

use in patients with HF, and clinical scenarios where their use might be indicated.

THE CARDIAC CONTRACTILE APPARATUS

The sarcomere represents the basic contractile unit of the myocyte. The sarcomere is

composed of thick and thin filaments that interact to cause sarcomere shortening and

myocyte contraction. The thick filaments consist of myosin and the thin filaments are

composed of the three proteins: actin, tropomyosin, and troponin. Each myosin molecule

contains two heads that interact with actin, and are the sites of myosin ATPase, an enzyme

that hydrolyzes ATP, which is required for myosin-actin cross-bridge formation. Each

molecule of tropomyosin binds to about 6–7 molecules of actin and each tropomyosin

molecule is in turn attached to the troponin complex. The troponin complex is made up of

three subunits: troponin-T, which attaches to tropomyosin; troponin-C, which serves as
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a binding site for calcium (CaCC) during excitation-contraction coupling; and troponin-I,

which inhibits the myosin binding site on actin (Fig. 2).

When a myocyte is depolarized by an action potential, CaCC enters the cell

through L-type channels located on the sarcolemma. This in turn triggers the release of

CaCC from the sarcoplasmic reticulum (SR) through ryanodine receptors. This increases

the intracellular CaCC concentration and free CaCC binds to troponin-C, inducing a

conformational change in the troponin complex such that troponin-I exposes a site on the

Acute treatment for
decompensated heart

failure

Palliation of
symptons

Bridging to
definitive therapy

Inotropic Therapy

Figure 1 The role of inotropic therapy in advanced heart failure management. The management of

advanced heart failure patients may involve the use of inotropic therapy in each of these patient

realms. Although similarities exist, the goals of therapy can often be quite diverse.
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Figure 2 Myocyte contractile apparatus. The cardiac myocyte is composed of myofibrils, each of

which contains a myofilament. The sarcomere lies between two Z-lines. The thick filament (myosin)

contains two heads having ATPase activity. The thin filament is made up of actin, tropomyosin, and

troponin (TN). TN-C brings calcium released by the sarcoplasmic reticulum (SR). TN-I inhibits

actin-myosin binding until calcium binds to TN-C.
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actin molecule that binds to the myosin head. Binding of actin and myosin results in ATP

hydrolysis and ratcheting of the actin-myosin filaments to result in sarcomere shortening

and myocyte contraction. At the end of phase 2 of the action potential, intracellular

CaCC concentrations are decreased by sequestration into the SR via an ATP-dependent

CaCC pump (SERCA) and by removal from the cell by the sodium- CaCC exchange

pump. This lowering of cytosolic CaCC removes CaCC from troponin-C and induces a

conformational change that inhibits myosin-actin binding and restores sarcomere length (3).

MECHANISM OF ACTION OF INOTROPIC THERAPY

The traditional hemodynamic model suggests that HF is primarily a defect in cardiac

contractility, and that drugs that increase cardiac contractility (positive inotropes) may

have a positive effect. Mechanisms that increase the concentration of intracellular CaCC

increase the amount of ATP hydrolyzed and the force generated by actin-myosin

interaction, as well as the velocity of shortening. Physiologically, cytosolic CaCC

concentrations are influenced primarily by beta-adrenergic stimulation that results in an

increase in intracellular levels of cyclic adenosine monophosphate (cAMP). Increased

cAMP activates protein kinase C that results in increased CaCC entry into the cell through

the L type CaCC channels. Other mechanisms for increasing intracellular CaCC

concentrations include activation of the inositol 3 phosphate (IP3) pathway, which

increases CaCC release from the SR, and inhibition of phospholamban phosphorylation,

which leads to decreased CaCC uptake by the SR. Another mechanism includes

enhancement of the sensitivity or affinity of troponin-C for CaCC. The various calcium

regulatory pathways and potential therapeutic modalities are depicted in Figure 3.

Currently, there are three major classes of inotropic agents that are used clinically in

patients with left ventricular dysfunction: (1) agents that increase intracellular levels of

cAMP by direct stimulation of the beta-adrenergic receptor or by inhibiting

phosphodiesterase; (2) drugs that inhibit the sodium-potassium ATPase pump, which

thereby increasing intracellular sodium and thus cytosolic CaCC levels; and (3) the new

class of calcium sensitizing agents. The most commonly used intravenous agents are the

beta-adrenergic receptor agonists (dopamine and dobutamine) and the phosphodiesterase

inhibitor, milrinone (4).

Beta Adrenergic Agonists

Dopamine

The catecholamine, dopamine, is a sympathomimetic with both direct and indirect effects.

It is formed in the body by the decarboxylation of levodopa, and is both a neurotransmitter

in its own right (in the brain) and a precursor of epinephrine and norepinephrine. Dopamine

stimulates a, b, and dopaminergic receptors and has both cardiac and vascular effects.

It differs from epinephrine and norepinephrine in that it dilates renal and mesenteric blood

vessels and increases urine output, apparently by a specific dopaminergic mechanism. This

effect is predominant at low infusion rates %2 micrograms/kg per minute. At slightly

higher infusion rates (2 to 10 micrograms/kg per minute), the b-receptor mediated increase

in cAMP becomes more apparent, and at 10 to 20 micrograms/kg per minute, the

a-mediated vasoconstrictive effects predominate. The major toxicities accompanying

dopamine use include increased incidence of arrhythmias and complications related to

excessive vasoconstriction, such as ischemia.
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The interest in “renal dose dopamine” has developed from the effect on dopaminergic

receptors in animal models. Whether low dose (%2 micrograms/kg per minute) dopamine

enhances renal function in patients with renal dysfunction in the setting of a normal

circulation is controversial (9). In HF patients, the anecdotal natriuretic and diuretic effects

seen with low dose dopamine are likely due to enhanced cardiac output and decreased
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Figure 3 Effects of inotropic therapy on intracellular calcium handling in cardiac myocytes.

Depolarization of membrane by action potential leads to opening of voltage-gated L-type calcium

(Ca2C) channels, which allows entry of small amount of Ca2C into cell. Through coupling

mechanism between L-type Ca2C channel and sarcoplasmic reticulum (SR) release channels

(ryanodine receptors), larger amount of Ca2C is released, which activates myofilaments, leading to

contraction. During relaxation, Ca2C is accumulated back into SR by SR Ca2C ATPase pump

(SERCA2a) and extruded extracellularly by sarcolemmal NaC/Ca2C exchanger. Digoxin inhibits

NaC/KC ATPase pump, which increases intracellular NaC. This results in increase in intracellular

Ca2C via NaC/Ca2C exchanger, which leads to enhanced Ca2C loading of SR and increase in Ca2C

release. Phosphodiesterase inhibitors (PDEI) block breakdown of cAMP, which increases its

intracellular level and activates PKA. Calcium sensitizers increase sensitivity of myofilaments to

Ca2C, enhancing myofilament activation for any concentration of Ca2C. Vesnarinone prolongs

action potential duration through modulation of KC channels, thereby prolonging opening of L-type

calcium channels and increasing Ca2C entry. Through gene transfer of SERCA2a (5), modified

phospholamban (mPL) (6), or antisense phospholamban (asPL) (7), SRATPase activity can be

increased, which enhances SR Ca2C content, inotropic and lusitropic state. At level of

cardiomyocyte, several stimuli, including endothelin-1 (ET-1), phenylephrine, and angiotensin,

are involved in development of hypertrophy through Gq-coupled receptors. They induce activation

of phospholipase C (PLC) and diacylglycerol (DAG), which increases levels of inositol triphosphate

(IP3). IP3 induces release of calcium from SR. Increased cytosolic calcium induces mitogen-

activated protein kinases (MAPKs) and activates calcineurin and caspases that contribute to

apoptosis. Abbreviations: Ang II, angiotensin II; NE, norepinephrine; PDE, phosphodiesterase;

PKA, protein kinase A; PKC, protein kinase C. Source: From Ref. 8.
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systemic vascular resistance (SVR); however, there is no concrete data supporting its use to

prevent renal dysfunction in this patient population. Fenoldopam, a benzazapine derivative,

is a selective dopamine 1 receptor antagonist that acts as a vasodilator in the peripheral

arteries and as a diuretic in the kidneys. Although, fenoldopam has been shown to improve

hemodynamics and renal blood flow in HF patients, there are no trials addressing renal

outcomes with this agent in HF patients (10).

Dobutamine

Dobutamine is one of the most commonly used inotropes in HF management. Dobutamine

is a synthetic catecholamine that stimulates b1-receptors in the heart with positive

inotropic and chronotropic effects. There is a modest decrease in left ventricular filling

pressures and SVR due to a combination of direct vascular effects (activation of

b2-receptors) and withdrawal of sympathetic tone (11). Unlike dopamine, dobutamine

does not affect dopaminergic receptors and has little effect on a-receptors. Heart rate,

atrial, and ventricular arrhythmias, and symptoms of ischemia are all increased with the

use of dobutamine. Therefore, when dobutamine therapy is considered, it should be used at

the lowest effective dose. Diuresis and renal function may improve at doses of

1–2 micrograms/kg per minute, however, more severe hypoperfusion may require higher

doses. There is likely little additional benefit in doses above 10–15 micrograms/kg per

minute and other agents should be considered. Dobutamine use for extended periods has

been associated with a hypersensitivity reaction resulting in peripheral eosinophilia and

occasional eosinophilic myocarditis. Therefore, patients on chronic dobutamine infusions

should be monitored for this complication at regular intervals.

Phosphodiesterase Inhibitors

Milrinone

Milrinone belongs to a class of inotropes that selectively inhibit phosphodiesterase (PDE)

III, the enzyme that catalyzes the breakdown of cAMP. In the myocardium, milrinone

can exert both positive inotropic and lusitropic effects, and in the systemic and pulmonary

vasculature, milrinone is a potent vasodilator. Cardiac output is increased due to an

increase in stroke volume, and arterial and venous vasodilation result in a decrease of

cardiac filling pressures, pulmonary pressures, and often mean arterial pressure. The

degree to which cardiac output increases and SVR decreases can vary, and excessive

vasodilation can lead to hypotension. This is rarely seen with dobutamine or dopamine.

Milrinone is associated with less elevation in heart rate than dopamine or dobutamine (12);

however, atrial and ventricular arrhythmias can still occur. Another unique feature of this

drug is the prolonged half-life. The pharmacological half-life of dopamine and

dobutamine can be measured in minutes, while the elimination half-life of milrinone is

2.5 hr. The physiologic effects of milrinone can last up to 6 hr and may be even more

prolonged in patients with renal dysfunction. Thus the dose of milrinone has to be

appropriately adjusted in patients with renal dysfunction. (See Table 1 for the hemo-

dynamic and pharmacologic differences between commonly used inotropes.) Milrinone

may be a more attractive choice in patients who are on chronic beta antagonist therapy as it

works via a beta-adrenergic independent mechanism.
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Inhibitors of the Sodium–Potassium ATPase Pump

Digoxin

Digoxin is the only oral inotrope approved for use in the management of chronic HF. The

myocardial cellular effect of digoxin results from inhibition of the sodium–potassium

ATPase pump. As the sodium–potassium ATPase pump is inhibited, there is a transient

increase in intracellular sodium close to the sarcolemma, which in turn promotes calcium

influx by the sodium–calcium exchange mechanism. The acute hemodynamic effects of

digoxin include increase in cardiac output and a fall in venous pressure. The action of

digoxin on slowing atrioventricular (AV) conduction and prolonging the refractory period,

is primarily dependent on increased vagal tone and only to a minor extent on the direct

effect of digoxin (13). Although early clinical studies suggested increased risk by the acute

withdrawal of digoxin in HF patients (14,15), a prospective trial of digoxin use in 6800

patients failed to show a mortality benefit for digoxin in HF (16). However, there was a

trend towards decreased risk of death due to worsening HF with digoxin (risk ratio, 0.88;

95% confidence interval, 0.77 to 1.01; pZ0.06) and fewer patients were hospitalized for

worsening HF (26.8% vs. 34.7%; p!0.001). A posthoc analysis of the DIG trial suggested

that serum digoxin levels O0.8 ng/mL were associated with increased mortality (17).

Furthermore, digoxin use was associated with a significantly higher risk of death among

women (adjusted hazard ratio for the comparison with placebo, 1.23; 95% confidence

interval, 1.02 to 1.47), but it had no significant effect among men (adjusted hazard ratio,

0.93; 95% confidence interval, 0.85 to 1.02; PZ0.014 for the interaction). This may be

attributed to the increased toxicity seen with higher serum digoxin levels in patients with

lower body mass (18). Digoxin use requires frequent monitoring of potassium levels,

especially in patients with renal dysfunction, and the concomitant doses of other medications

(such as amiodarone and coumadin) may need to be adjusted in patients taking digoxin.

Calcium Sensitizers

Levosimendan

This class of inotropic agents represents a novel therapeutic approach. The most studied is

levosimendan, which is not yet approved for use in the United States. Levosimendan

enhances myocardial contractility by binding to the amino terminal of cardiac troponin C

and increasing the calcium sensitivity of the cardiac contractile proteins in a calcium

dependent manner. It does not alter intracellular free calcium or cyclic AMP levels. It also

leads to vasodilation by the opening of ATP sensitive potassium channels. Clinically it has

Table 1 Hemodynamic Effect of Positive Inotropic Agents

Dobutamine

Dopamine

(low dose)

Dopamine

(high dose) Milrinone

CO [ [4 [4Y [
PCWP Y 4 [ YY
SVR Y Y [[ YY
HR [ 4[ [ 4
T 1⁄2 (min) 2.4 2 2 150

Arrhythmia risk [[ [ [[ [

Abbreviations: CO, cardiac output; PCWP, pulmonary capillary wedge pressure; SVR, systemic vascular

resistance.

Source: Adapted from Ref. 13.
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been associated with increased cardiac output, and reduction in both pulmonary capillary

wedge pressure and SVR (19). Because these drugs delay the dissociation of calcium from

the contractile apparatus, there was concern that calcium sensitizers may adversely affect

diastolic function. This has not been demonstrated in animal studies. It is believed that

the binding to troponin C is less avid when cytosolic calcium levels decrease during

diastole (20). Levosimendan has two active metabolites, OR 1855 and OR 1896. While the

drug itself has a half-life of approximately 1 hr, the serum metabolite levels peak 48 hr

after drug discontinuation and have a half-life of 70–80 hr.

MECHANISMS OF HARM

Despite their beneficial effects on hemodynamics, inotropic therapy is acutely associated

with increased morbidity and may increase mortality through a number of

mechanisms. Acutely inotropic agents may exacerbate underlying ischemia or ventricular

arrhythmias (4). The increase in cardiac contractility may come at the expense of

increased myocardial oxygen demand, especially when high doses of agents are used. The

stimulation of contractility in hibernating myocardium without restoration of blood flow

may increase short-term myocardial contractility at the expense of accelerating apoptosis

and further degeneration of myocardial function (21,22). As mentioned above, drug

specific adverse effects include increased filling pressures and digital ischemia with high

doses of dopamine, the development of eosinophilic myocarditis with chronic dobutamine

use, and hypotension with milrinone.

Clinical trials of inotropic therapy have demonstrated increased morbidity and

mortality (23). Despite the increased risk, there are certain clinical scenarios where the

benefits may outweigh the risks associated with inotrope use. The decision to use inotropic

therapy in a patient with advanced HF must be made with a clear understanding of the

specific treatment goals and knowledge of the inherent risks. In most cases, the lowest

effective dose for the shortest duration is the preferable strategy when inotropic therapy is

deemed necessary.

INOTROPE THERAPY IN ACUTE DECOMPENSATED HF

Acute decompensation of chronic HF is one of the most common reasons for admission to

hospital. In the United States, almost 75% of all costs related to HF are those that are

related to admission and inpatient care (24). Patients with acute decompensation should be

evaluated for the presence of congestion and adequacy of perfusion. Those patients, who

have evidence of high filling pressures with sub-optimal perfusion, the “wet and cold”

profile, are at the highest risk for mortality (25). Current consensus is that such patients

may require vasoactive therapy in addition to diuretics to restore compensation (26).

Among these patients, those who have a marginal or low SVR may benefit from short-term

inotropic therapy to improve symptoms and end-organ perfusion.

The usefulness and safety of routine intravenous inotropic therapy for the treatment

of acute decompensated HF was evaluated in the Outcomes of a Prospective Trial of

Intravenous Milrinone for Exacerbations of Chronic Heart Failure (OPTIME CHF)

study (12). Patients admitted with decompensated systolic HF and not felt to require

inotropic therapy were randomized to receive either 48 to 72 hr of milrinone or placebo in

addition to standard therapy. There was no difference in the end-points of days

hospitalized for cardiovascular causes (pZ0.71) or mortality (pZ0.41) within 60 days of
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randomization between the two groups. Treatment failure was more common in the

milrinone group and this was largely attributed to increased incidence of sustained

hypotension (10% vs. 3% in the placebo arm, p!0.001), more atrial arrhythmias (4.6% vs.

1.5%, pZ0.004), and a trend towards more ventricular arrhythmias. The results of this trial

suggest that the routine administration of milrinone is not warranted in all patients

admitted with decompensated HF. However, this trial did not address outcomes with

inotrope use in the group of patients who have evidence of severe hypoperfusion

manifested by cardiogenic shock or persistent hypotension with end-organ dysfunction.

These patients may clearly need a short course of inotropes to establish hemodynamic

stability. The Levosimendan compared with Dobutamine in severe Low-Output HF

(LIDO) study randomized patients who were admitted to the hospital and felt to

require inotropes to either 24 hr of intravenous levosimendan or dobutamine. All patients

were required to have an ejection fraction !35% and a cardiac index !2.5 L/min with a

PCWP O15 mmHg. The investigators demonstrated that the primary endpoint of

hemodynamic response at 24 hr (greater than 30% increase in cardiac output and 25%

decrease in PCWP) was greater in the levosimendan group (28% vs. 15%, pZ0.022),

without any difference in the symptoms of HF. Furthermore, there was a trend towards

reduced mortality in the levosimendan group compared to the placebo group at 1 mo

(pZ0.049). Dobutamine use was associated with more arrhythmias (mostly atrial) and

ischemic symptoms while patients in the levosimendan group were more likely to

experience headaches or hypotension (27). These data suggest that levosimendan may

prove more efficacious and safe than dobutamine in patients admitted with severe low-

output failure. A randomized trial comparing the efficacy of short-term levosimendan to

placebo in patients with decompensated HF has been completed but the results have not

yet been published.

Inotropes vs. Vasodilators in Acute Decompensated HF

Patients with advanced decompensated HF can have low cardiac output with markedly

elevated SVR in addition to high intracardiac filling pressures. When vasoconstriction is

present, hemodynamics may be improved by either intravenous vasodilators or inotropic

infusions (28). The advantages of intravenous vasodilation need to be balanced against the

risk of hypotension, a complication that is more prevalent in patients whose SVR is not

markedly elevated prior to therapy.

In general, there are few data to guide the choice of vasodilators versus inotropes in

the population in whom additional therapy is needed. Low and high dose intravenous

nesiritide has been compared to dobutamine infusions in patients admitted with advanced

decompensated HF (29). While both nesiritide and dobutamine were equally effective at

improving signs and symptoms of HF, dobutamine use was associated with an increased

incidence of premature ventricular beats and ventricular tachycardia compared to nesiritide.

A retrospective analysis of an open-label study evaluating the efficacy of nesiritide in

patients with decompensated HF, compared the outcomes in patients receiving nesiritide to

those treated with dobutamine. In this study nesiritide use was associated with a decreased

rate of re-admission and reduced 6-mo mortality compared to dobutamine (30). Analysis of

the Evaluation Study of Congestive Heart Failure and Plumonary Catheterization

Effectiveness (ESCAPE) trial, which evaluated the use of pulmonary artery catheters on

outcomes of death and rehospitalization at 6 mo also suggested that inotrope use increased

the risk of death and rehospitalization while vasodilators did not (31). Similar results have

been found in the Acute Decompensated Heart Failure National Registry (ADHEREw)

Acute Decompensated Heart Failure National Registry (32).
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The routine addition of intravenous inotropic therapy to all patients with acute

decompensated HF is not warranted and could increase morbidity and mortality. Patients

who have evidence of low cardiac output complicated by end organ dysfunction and

hypotension may benefit from short courses of intravenous inotropic therapy. The choice

of inotrope, and the decision between inotrope and vasodilator, will depend on the

individual patient hemodynamic profile. In general, the lowest effective inotropic dose

should be used, and the duration of therapy should be minimized as much as possible,

with early transition to appropriate oral therapy.

INOTROPE USE IN CHRONIC HF

As HF progresses, there are patients in whom it becomes very difficult to wean intravenous

inotropic therapy without further compromise. These patients are felt to be “inotrope

dependent,” and although many of these patients can still be successfully weaned onto oral

vasodilator therapy in centers with dedicated HF programs, there remain a few patients

who would not survive hospital discharge without ongoing inotropic support (33).

Inotrope dependence is often manifested as sustained symptomatic hypotension, recurrent

congestive symptoms, or worsening renal function without inotropic therapy. It is felt that

dependence should be defined by functional limitation and not measured by hemodynamic

parameters (8). In addition multiple attempts should be made to wean inotropes, often with

hemodynamic monitoring, which may lead to better adjustment of vasodilator therapy.

This may take a significant time period; one study reported the mean inpatient stay of

21 days prior to defining inotrope dependence (34). Patients who are felt to be inotrope-

dependent have the worst prognosis. The continued use of inotropes can be viewed as

a bridge to a transplant or left ventricular assist device (LVAD) placement in eligible

patients, or as a palliative method of controlling symptoms in end of life care.

Risk and Mortality of Chronic Inotrope Use

Without cardiac transplantation, survival is clearly limited in patients who are inotrope-

dependent. In one study, the mortality of 36 inotrope-dependent patients was 94% at one

year (34). Based on collected experiences, the anticipated mortality rate at six months is

more than 50% and few survivors will remain at 2 years (8). Long term inotrope use often

requires an indwelling line increasing the risk of line related infection and sepsis. Other

complications associated with this therapy include arrhythmias and sudden cardiac death,

the development of tolerance and persistent decline in organ function and

nutritional status.

Bridging to Transplant

In patients who are waiting for cardiac transplantation, inotropic therapy may provide the

bridge needed before an organ becomes available. There are little data to guide the

clinician about the choice and safety of this strategy. One randomized trial of 36

hospitalized patients awaiting transplant suggested that both milrinone and dobutamine

produced a similar hemodynamic and risk profile, with much less expense incurred with

dobutamine (35). Whether these patients can be safely discharged home to await transplant

is also not known, however, concomitant implantable cardioverter defibrillator therapy

would be warranted at a minimum. The best way to bridge these patients to a transplant

is not known; no study has compared LVAD placement to inotropic infusions. The
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choice of bridging therapy will likely depend on the patient’s risk of LVAD surgery,

infection, and arrhythmia, as well as on the experience with LVAD management in the

referring center (Fig. 4).

Inotropes as Destination Therapy

Many patients who are inotrope dependent are not candidates for cardiac transplantation.

In these patients, chronic inotropic therapy is occasionally considered as a method of

controlling refractory decompensated symptoms. In a recent analysis from the

Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive
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Figure 4 Relative hemodynamic effects of nitroprusside, dobutamine and milrinone. Data shown

as percentage change from baseline. Abbreviations: HR, heart rate; LVEDP, left ventricular end
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of pressure over time. Source: Modified from Ref. 28.
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Heart Failure (REMATCH) trial, patients who were felt to be inotrope dependent tended to

have a worse mortality than patients who were not on inotropes at the start of the trial.

However, inotrope-dependent patients who were randomized to a LVAD had a greater

one-year survival than patients who maintained optimal medical therapy (including

inotropes) (Fig. 5) (8). Although destination LVAD is an option in very select patients,

many patients who are inotrope dependent without options for cardiac transplant, also

have comorbidites that would preclude a destination LVAD strategy. The use of

continuous outpatient inotropic infusions at the end of life is increasing. In a recent survey

of 71 US HF programs, more than 95% of responding physicians indicated willingness to

use outpatient inotropic infusions; although 80% had seen worsening HF, 69% had seen

infectious complications, and 50% had seen sudden death during such infusions (8).

In these patients, palliation of symptoms, rather than prolongation of life, is the goal of

therapy. When this strategy was evaluated in a small number of inotrope dependent

patients, 64% of the 36 patients followed had one or less re-admission to hospital after

discharge on home inotropic infusion. The six-month survival in these patients was only

26% with a one-year survival of 6%. The authors identified that continuous inotropic

infusion allowed the majority of these advanced HF patients to be discharged home with

only one or less re-admission at the end of life. This may be an important goal of therapy

for some patients (34).

Methods of Chronic Inotropic Support

When chronic inotropic therapy is considered, multiple strategies have been considered,

including oral therapy as well as either intermittent or continuous intravenous infusions.

Unfortunately, the success has been extremely limited, with consistent increased risk of

morbidity and mortality associated with chronic inotrope use.

Chronic Intravenous Inotropic Support

Continuous intravenous infusions of inotropes are an option in patients with refractory

advanced HF. When evaluated in a clinical trial, they have been found to be an

independent predictor of mortality (37). The limited data available also does not support

the use of intermittent intravenous infusions. There are no large scale, double-blind,

placebo-controlled trials to evaluate the use of intermittent intravenous inotropic therapy.

Small studies have produced variable results, ranging from mild improvements in

hemodynamics (38) and non-significant trends toward less hospitalization at the cost

of increased mortality (23,39). Given the lack of convincing evidence of benefit, and

the demonstration of increased mortality, neither intermittent nor continuous intravenous

inotropic infusions can be recommended as a routine management strategy in advanced

HF. In patients with end-stage disease and refractory symptoms, this therapy may have a

role in the palliation of symptoms. But the goal of symptom control and comfort at the

potential cost of increased mortality needs to be understood by both patient and physician.

Patients with NYHA class IV HF have described a willingness to accept therapies that

carry increased risk if symptoms might be improved (40).

Chronic Oral Inotropic Support

Ideally, chronic oral inotropic therapy would eliminate the line-related complications

associated with chronic intravenous infusions. Thus, if proven safe and effective, oral

inotropic therapy could be a preferred strategy in these patients. Unfortunately, the results

of many long-term trials of oral inotropic therapy have been disappointing (Table 2).
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Small studies have suggested a short-term benefit on hemodynamics; however, larger,

sufficiently powered studies have demonstrated increased mortality.

Vesnarinone is an oral inotropic agent that decreases the delayed outward and inward

rectifying potassium currents; increases intracellular sodium by the prolonged opening of

sodium channels; and increases the inward calcium current via mild inhibition of PDE (45).

During an initial dose finding study, the low dose of vesnarinone (60 mg) was associated

with a 62% decrease in the relative risk of death in comparison to placebo (46). However, the

larger Vesnarinone trial (VEST) did not substantiate the positive results of early clinical

studies and demonstrated an increased mortality at both the 30 mg and 60 mg doses when

compared to placebo. This increased mortality was largely attributed to arrhythmic death (42).

Selective PDE inhibitors, such as milrinone, are available in oral formulations and

have demonstrated benefits on hemodynamics and exercise tolerance in small studies (47).

The Prospective Randomized Milrinone Survival Evaluation (PROMISE) study was

designed to evaluate the potential impact of oral milrinone on mortality in 1088 patients

with advanced HF. The trial was stopped prematurely after a significant 28% increase in

all-cause mortality in patients receiving oral milrinone was found (41). Another oral PDE

inhibitor, enoximone, has been shown to increase mortality compared to placebo

when used in high doses (4–6 mg/kg per day) in patients with moderate to moderately

severe HF (48). However, lower doses (%3 mg/kg per day) have been shown to improve

short-term symptoms and exercise capacity without an increase in adverse events (49).

Large-scale trials evaluating the long-term outcomes of low dose enoximone in patients

with functional NYHA class III to IV HF are currently underway (ESSENTIAL I and II).

The recently completed Enoximone in Intravenous Inotrope-Dependent Subjects Study

(EMOTE) evaluated the utility of oral enoximone as a means to wean patients off

intravenous inotropic therapy. The primary outcome was the number of days patients were

alive and free of intravenous inotropic therapy in the first 30 days following the initial

wean of intravenous inotropic support. There were 202 patients randomized to either

placebo or enoximone (25–50 mg tid) therapy. Although there was no statistical difference

in the primary endpoint at 30 days, there was a trend for more patients to be intravenous

inotrope–free in the enoximone group throughout the 180 days of follow-up, with a

significant difference at 90 days. In patients who did require reintroduction of intravenous

support, the mean time to intravenous therapy (32% risk reduction, pZ0.04), and the mean

number of rehospitalization days (43% risk reduction, pZ0.49) was less in the enoximone

group. Importantly there was no increase in arrhythmic events or significant increase in

mortality over 26 weeks (50). This is the first oral inotropic therapy to be tested in a

randomized trial that suggests some clinical benefit without significantly increased risk.

Future confirmatory studies are needed before this therapy can be advocated in the

advanced HF population.

Table 2 Mortality in Randomized Controlled Trials of Oral Inotropic Therapy

Trial Inotrope Number Mortality

PROMISE (41) Milrinone 1088 28% increase in risk of death (pZ0.04)

VEST (42) Vesnarinone 3833 11% increase in risk of deatha (pZ0.02)

PRIME II (43) Ibopamine 1906 Hazard ratio for death 1.26 (pZ0.02)

PICO (44) Pimodendan 317 Hazard ratio for death 1.8 (pO0.05)

EMOTE (50) Enoximone 202 Hazard ratio 1.2 (pZ0.32)

aMortality increase refers to the 60 mg dose compared to placebo.
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FUTURE DIRECTIONS OF INOTROPIC THERAPY

With advancements in medical and device therapy, more patients with chronic HF are

surviving much longer than previously experienced. It is estimated that more than 100,000

patients with poor systolic function and ventricular dilatation have advanced HF, or

symptoms at rest or with minimal exertion, despite optimized medical therapy (51).

Despite the history of disappointing results with inotropic therapy, the challenge still exists

to develop a successful inotropic strategy. This may involve combined therapeutic

interventions with preexisting agents or the development of novel inotropic drugs.

Adjusting Current Therapeutic Strategies

As with the small Phase II trials of enoximone, it is possible that currently available

inotropic therapies would be less toxic if used in lower doses (49,52). Whether lower doses

would have the same hemodynamic benefits with reduced risk is not known.

The safety and efficacy of inotropic therapy, specifically PDE inhibitors may be

enhanced by concurrent treatment with beta-blockade. The underlying premise is that

beta-blockers could attenuate the potential arrhythmic risks with PDE inhibitors while still

providing a mechanism for the physiologic inotropic effects to occur. Preliminary data has

suggested that the beneficial effects of milrinone are enhanced in the presence of beta-

blocker therapy (53). Larger studies (Milrinone in the PROBE trial and Enoximone in the

EMPOWER trial) evaluating the combined strategy of PDE inhibition with beta-blockers

are currently in progress.

Novel Pharmacological Agents

The currently available intravenous inotropes stimulate cAMP and increase intracellular

CaCC either through b-adrenergic receptor stimulation or PDE inhibition. It is believed

that the increased cytosolic CaCCcontributes to the risk of arrhythmias seen. CaCC-

sensitizing agents act by increasing the sensitivity of the myofilaments to CaCC without

increasing the absolute amount of cytosolic CaCC. Levosimendan, an intravenous PDE

inhibitor with CaCC-sensitizing properties, continues to show promise in improving

hemodynamics and symptoms, with less risk than traditional inotropic therapy (27).

Larger randomized trials sufficiently powered to detect mortality need to be completed

before this agent can be advocated as an alternative to our current therapies. Other agents

with novel mechanisms of action are also being developed. This includes drugs that

modulate sodium channels or the NaC/KCadenosine triphosphate pump (54). Biologic-

based therapies to increase myocardial efficiency are also being developed. Xanthine

oxidase inhibition has been shown to reduce myocardial oxygen consumption without a

decrease in contractility (55). Other potential biologic therapies to improve myocardial

efficiency include thyroid and growth hormone analogs and agents to improve myocardial

metabolism, such as glucagon-like peptide 1 and ranolazine, a partial fatty acid

oxidase inhibitor.

Targeted Gene Expression

Another method to improve CaCC handling in the cell is through the development of gene

transfer techniques. These techniques have been utilized to demonstrate improved
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contractility and survival after viral transfection of the SR calcium ATPase (SERCA-2)

into small animals and pigs (5). Similar findings have been obtained with an adenovirus

that encodes antisense RNA of phosphlamban (6). Future investigation will help to define

the role of these novel approaches in improving contractile performance of the heart

in humans.

CONCLUSIONS AND RECOMMENDATIONS

The number of patients with advanced cardiac disease continues to increase. Because

cardiac transplantation is performed in less than 2400 patients annually in the United

States, many of the 100,000 HF patients with symptoms at rest or with minimal exertion

will not have this therapeutic option (36). This imbalance between organ supply and

demand continues to increase, and alternative therapeutic strategies are required to

minimize the morbidity of patients with advanced cardiac disease.

The medical management of HF patients continues to evolve. There has been a

gradual shift towards medical therapy and neurohormonal strategies that were initially

contraindicated in chronic HF (beta-blockers), and away from agents that act purely as

positive inotropic support. However, the increasing numbers of patients with advanced HF

challenges us to develop alternative inotropic strategies that have the same hemodynamic

and symptomatic benefits without the risks of increased morbidity and mortality. It is

Disease Progression

ADHF
Transplant
candidate End stage disease

End of life
care

Short term acute
inotrope use

Inotropes vs. LVAD

Destination LVAD

Chronic inotrope use

Restore hemodynamic
stability

Improve
length and
quality of life

Maintain
stability to
definitive
therapy

palliation

Figure 6 The therapeutic options and treatment goals involving inotropic therapy in advanced

heart failure care. As heart failure disease progresses, the therapeutic options and treatment goals

involving the use of inotropic therapy may change. Abbreviations: ADHF, advanced decompensated

heart failure; LVAD, left ventricular assist device; QOL, quality of life.
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possible that newer inotropic agents, lower doses, or combined therapy might represent

safer alternatives; however, this needs to be confirmed in larger, randomized studies. In the

interim, there remains a population of patients in which inotropic therapy seems

warranted. It is important to recognize that the objectives and goals of therapy will be

mandated by the individual situation (Fig. 6).

1. The acute management of decompensated HF: Patients with acute decom-

pensated HF with evidence of poor end-organ perfusion may benefit from a short

course of intravenous inotropic therapy. This strategy should be reserved for

patients failing standard therapy, including vasodilators. Inotropic support

should be started at the lowest possible dose and titrated to clinical effect. The

duration of inotropic support should be minimized, with early attempts to wean

to oral/standard therapy once stabilized. All patients on inotropes should have

continuous telemetry monitoring, and avoidance of any elements that can

exacerbate arrhythmic or ischemic complications (hypokalemia or hypomagne-

semia).

2. Bridge to definitive therapy: There are patients with chronic HF who may

require additional support in order to survive to definitive therapy, including

transplantation. Currently there are two strategies with which to bridge these

patients, chronic inotropic support and ventricular assist device therapy. There is

no data to guide the clinician in this decision; however, it requires a careful

assessment of risks, benefits, and program experience. In those patients in whom

chronic inotropic support is deemed necessary, multiple attempts should be

made to wean the inotropic therapy. Patients should only be considered inotrope

dependent after they have repeatedly demonstrated a failure to wean because of

worsening clinical status. All patients in whom home inotropic therapy is

considered as a bridge to transplantation should have an implantable

cardioverter defibrillator placed prior to discharge.

3. Palliation of symptoms: There are patients with very advanced cardiac disease

who are not candidates for cardiac transplantation. When these patients are

deemed inotrope dependent, the focus of continued therapy shifts from survival

to symptom alleviation. Some patients, such as those in REMATCH, may be

eligible for ventricular assist device therapy as destination care. However, for

the majority of patients with end-stage cardiac disease, mechanical assist

devices are not an option, often because of comorbities that might affect survival

or increase the risk of the surgery. There may be a role for inotropic support in

these patients; however, the goals of therapy may be to improve symptoms, or

allow patients to be discharged with the dignity of dying at home. It is clear that

inotropic support may increase the risk of mortality, at the benefit of improving

comfort and quality of life. Consideration should be given to terminating

defibrillator therapy in patients receiving inotropes as palliative care.
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INTRODUCTION

Clinical trials of 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors

(statins) have presented clinicians with a puzzle. Statins not only improve survival of

patients at high risk for coronary heart disease with elevated low density lipoprotein (LDL)

cholesterol, but also benefit patients with moderate risk and average LDL levels. Even

more puzzling, statins may also benefit patients with dilated cardiomyopathy by

decreasing symptoms and increasing the ejection fraction. Most puzzling of all, recent

studies have found that statins improve outcomes in diseases as diverse as cancer,

osteoporosis, and Alzheimer’s Disease—all diseases in which LDL is not thought to play a

significant role. These novel benefits of statins have raised the question: Do statins benefit

patients by decreasing lipids, modulating inflammation, or through other pathways?

THE DISCOVERY OF STATINS: FROM MICROBES TO LIPIDS

The Japanese microbiologist Akira Endo discovered statins while screening fungi for novel

antibiotics at the Sankyo Drug company. In 1973, he isolated a compound from a

Penicillium mold that inhibited HMG-CoA reductase; Dr. Endo named this compound

compactin (1). Although he soon found that compactin lacked antimicrobial activity,

Dr. Endo realized that it might lower lipids in patients with elevated cholesterol. He showed

that compactin lowered plasma cholesterol in mice, chickens, dogs, and monkeys (2). In

1976, Dr. Endo and colleagues administered compactin to a Japanese girl with homozygous

Familial Hypercholesterolemia: mevastatin lowered her plasma cholesterol from

approximately 400 to 320 mg/dl (3). Spurred on by Dr. Endo’s research, scientists at

Merck Research Laboratories in 1978 discovered another HMG-CoA reductase inhibitor

from Aspergillus, and named it lovastatin (4). However, Merck suspended work on

lovastatin because of reports of animal toxicity of compactin (5). After additional animal
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studies and pilot human studies of toxicity, Merck decided to restart clinical trials of

lovastatin in patients with hypercholesterolemia.

ANTI-CHOLESTEROL EFFECTS OF STATINS: THE MOST DECORATED
MOLECULE IN BIOLOGY

Cholesterol is a lipid found in cell membranes that is also necessary for the synthesis of

steroid hormones and bile acid. Biosynthesis of cholesterol involves over 30 enzymes.

Since thirteen Nobel prizes have been awarded to scientists who studied the synthesis and

transport of cholesterol, Brown and Goldstein in their Nobel Prize lecture in 1985 called

cholesterol “the most highly decorated small molecule in biology”(6). The rate limiting

step in the biosynthesis of cholesterol is the conversion of mevalonate to HMG-CoA to

mevalonate by HMG-CoA reductase (Fig. 1). Statins inhibit HMG-CoA reductase, thereby

decreasing production not only of cholesterol, but also of cholesterol precursors such as

geranyl pyrophosphate and farnesyl pyrophosphate.

Most cholesterol in the plasma is transported as cholesteryl esters in the hydrophobic

core of lipoprotein particles, including LDL. Statins decrease plasma LDL through a

complex regulatory mechanism. By inhibition of HMG-CoA reductase, statins decrease

cholesterol levels inside hepatocytes, leading to an increase in LDL receptor synthesis,

thereby increasing clearance of plasma LDL. Thus statins both decrease hepatic

production of LDL and increase LDL clearance from the plasma. Since patients with

Familial Hypercholesterolemia had elevated LDL cholesterol and premature coronary

artery disease, and since subjects with elevated LDL cholesterol had an increased risk

Figure 1 The cholesterol biosynthetic pathway. Statins inhibit 3-hydroxy-3-methyl-glutaryl-CoA

(HMG-CoA) reductase, the enzyme that converts HMG-CoA into mevalonate. One of the

metabolites of mevalonate is farnesyl pyrophosphate (farnesyl-PP), which is not only a precursor of

cholesterol, but can also be attached to proteins, serving as a membrane anchor.
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of coronary artery disease, pharmaceutical companies started clinical trials to see if statins

could lower LDL and decrease coronary heart disease.

CLINICAL TRIALS OF STATINS AND LDL CHOLESTEROL: THE LOWER
THE BETTER

Early human trials showed that statins improved outcome in a wide variety of patients.

Statin treatment of patients with a prior myocardial infarction and elevated lipids (such as

the Scandinavian Simvastatin Survival Study, and the Long Term Intervention with

Pravastatin in Ischemic Disease trial) showed that statins could reduce LDL by 35% and

decrease mortality as much as 30% (7,8). Statins appeared to help patients with higher

levels of LDL, reinforcing the concept that statins improve survival by decreasing LDL.

Statin treatment also improved outcomes in patients without a myocardial infarction but

with high LDL levels (including the West of Scotland Coronary Prevention Study) (9).

Intensive lipid lowering even reduced cardiovascular events (but not mortality) in patients

with coronary heart disease but LDL levels less than 130 mg/dl (Treating to New Targets

trial) (10). In all of these studies, statins were of most benefit to subjects with higher

LDL levels.

Although the clinical benefit of statins is greater in patients with higher LDL

cholesterol levels, statins still improve cardiovascular outcomes in patients with moderate

LDL levels. Statins benefited patients with moderate LDL and prior myocardial infarction

(in the Cholesterol and Recurrent Events trial), high risk of disease (in the Heart Protection

Study, and the Anglo-Scandinavian Cardiac Outcomes Trial), and even those without

heart disease (Air Force/Texas Coronary Atherosclerosis Prevention Study) (11–14).

Clinical trials of statins have not been designed specifically to identify the optimal

LDL level—a threshold below which LDL lowering has no clinical impact. Perhaps

average levels of cholesterol in adults in the industrialized Western world are higher than

the ideal level, a much lower level is found in adults in developing countries (15). Thus

one possible explanation for the benefit of statins in patients with moderate cholesterol is

that even these moderate levels of cholesterol are too high: the lower LDL cholesterol is,

the better the outcome. However, another possible explanation is that statins have other

clinical effects in addition to their impact upon LDL.

CLINICAL STUDIES OF STATINS AND INFLAMMATION: LOWERING
LDL, INFLAMMATION, OR BOTH?

Inflammation plays a pivotal role in all phases of atherogenesis, from fatty streak

development to formation of fibrous plaques to plaque rupture (16–18). Injury to the

arterial wall activates endothelial cells which trigger macrophage infiltration into the

vessel wall. Macrophages ingest lipids, form foam cells which coalesce into fatty streaks,

and then release inflammatory cytokines. Smooth muscle cells become activated by these

inflammatory signals, proliferating and migrating into a fibrous cap, and secreting

enzymes that destabilize the plaque. Plaque rupture causes thrombosis and myocardial

infarction. Inflammatory markers are elevated in patients with atherosclerosis,

in particular, components of the Acute Phase Response such as interleukin-6, serum

amyloid A, secretory phospholipase A2, and C-reactive protein (CRP) (16–18).

Inflammatory markers predict the risk of cardiovascular events such as myocardial

infarction, not only in patients with atherosclerosis, but also in apparently healthy men and
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women (19,20). Of these inflammatory markers, CRP levels have the largest magnitude of

predictive value (21).

Statins decrease inflammatory markers in patients with a broad spectrum of

cardiovascular disease. Statins decrease CRP levels in patients with acute coronary

syndrome and myocardial infarction (22–25). Statins even decrease CRP levels in

patients without known atherosclerosis (24,26,27). For example, lovastatin reduced the

CRP level by 15% in 6000 men and women with average LDL cholesterol levels

enrolled in the AF/TexCAPS trial (23). Smaller clinical trials have shown that statin

therapy of patients with elevated LDL decreases additional inflammatory markers,

such as tumor necrosis factor-a, soluble P-selectin, von Willebrand Factor, ICAM-1,

interleukin-2, and interleukin-6 (28–31). Thus statins decrease inflammation in a

variety of patients.

The clinical benefit of statins is associated with decreasing inflammation. For

example, patients with acute coronary syndrome have better outcomes when treated with

statins, and the patients with the lowest levels of inflammatory markers have the fewest

cardiovascular events (23). In patients without prior coronary artery disease, the benefit

from statins is correlated with the decrease in CRP (21). These data suggest that statins

improve outcomes in part by decreasing inflammation.

However, it is difficult to separate the anti-inflammatory properties of statins from

their lipid lowering effects. The ability of statins to decrease inflammation may simply be

the result of lowering LDL cholesterol. After all, LDL cholesterol, in particular, oxidized

LDL, damages endothelial cell function, stimulates smooth muscle cell migration and

proliferation, triggers macrophage expression of inflammatory genes, and activates

smooth muscle proliferation—all critical steps in atherogenesis (16–18,32). Since LDL

has pro-inflammatory effects, lowering LDL would also be expected to suppress

inflammation. The only way to prove rigorously that the anti-inflammatory and anti-lipid

effects of statins are independent would be to administer placebo or statin to patients,

while clamping LDL cholesterol at a constant level by simultaneously infusing LDL

particle. Such a trial would be clinically challenging, ethically dubious, and unlikely to be

performed!

Clinical trials show that statins decrease inflammatory markers, and that the benefit

of statins is associated with the decrease in inflammation. Perhaps this is due to the pro-

inflammatory effect of LDL. But cellular and animal studies have identified novel anti-

inflammatory targets of statins that are independent of cholesterol.

STATINS BLOCK INTEGRINS AND LEUKOCYTE TRAFFICKING

Statins directly block vascular inflammation—a critical step in atherogenesis. Leukocyte

trafficking from the blood into the vessel wall depends upon a series of steps: leukocyte

rolling along the vessel wall, leukocyte activation, leukocyte adherence to the vessel wall,

diapedesis between endothelial cells into the vessel wall, and migration into the

atheromatous plaque. The central stage of leukocyte trafficking, leukocyte adherence to

the endothelial cell, is mediated by the interaction of adhesion molecules: a1b2 integrin

on the leukocyte surface binds to intercellular adhesion molecule-1 (ICAM-1) displayed

on the endothelial surface (33).

Statins block leukocyte binding to endothelial cells by disrupting the interaction

between a1b2 integrin and ICAM-1 (34–36). Lovastatin and simvastatin bind directly to

a1b2 integrin, causing an allosteric shift in the integrin’s adhesion binding site, inhibiting

the ability of integrin to interact with ICAM-1, and thus blocking leukocyte attachment to
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the endothelium. This effect does not depend upon statin inhibition of HMG-CoA reductase,

since a compound structurally related to statins that cannot inhibit HMG-CoA reductase

also binds to a1b2 integrin and blocks integrin-ICAM interactions (35). This leukocyte

integrin is the only statin target that has been identified, other than HMG-CoA reductase.

STATINS DECREASE ISOPRENYLATION OF SIGNALING
PROTEINS: RHO

By inhibiting HMG-CoA reductase, statins block the synthesis of cholesterol precursors

that also serve as important subunits for post-translational modification of cellular

proteins. Statins block the synthesis of farnesyl pyrophosphate (farnesyl-PP) and

geranylgeranyl pyrophosphate (geranylgeranyl-PP) (Fig. 1). When these isoprenoid

intermediates are attached to proteins, they serve as membrane anchors, localizing the

modified protein to the cellular membrane. Over 100 proteins can be prenylated, including

small guanosine triphosphate binding proteins (G-proteins) within the Rho, Rab, and Rac

family (37). Since membrane targeting of these proteins is critical to their function, statin

inhibition of prenylation impairs the function of these G-proteins.

Which G-proteins are targets of statins? Rho regulates cell shape, migration, and

gene transcription; and prenylation is necessary for Rho functions. Statin therapy

decreases prenylation of Rho, and consequently blocks Rho translocation to the inner

surface of the cellular membrane (38,39). Statins block the ability of Rho to stimulate the

pro-inflammatory transcription nuclear factor kappaB in endothelial cells, and to activate

endothelial production of pro-coagulant microparticles (40–42). Statins also inhibit

prenylation and activation of the G-protein Ras, thereby limiting smooth muscle cell

proliferation (43). Thus, statins have wide-ranging effects upon activation of vascular cells

through statin control of signals that localize proteins.

STATINS IMPROVE ENDOTHELIAL FUNCTION: NITRIC OXIDE

Statins also inhibit inflammation by modulating nitric oxide (NO) production (Fig. 2).

Endothelial cells produce NO from endothelial NO synthase (eNOS), which converts

arginine and molecular oxygen into citrulline and NO (44–46). Triggered by agonists such

as bradykinin or acetylcholine, endothelial cells activate eNOS, leading to the synthesis of

NO. NO plays an important role in protecting the vasculature from atherosclerosis,

blocking leukocyte trafficking, platelet adhesion, and smooth muscle cell proliferation.

Endothelial dysfunction is one of the earliest manifestations of atherogenesis, and is

characterized in part by the inability of endothelial cells to produce NO (47–49).

Figure 2 Statins increase nitric oxide synthesis. Statins increase endothelial NO synthase (eNOS)

expression by inhibiting the G-protein RhoA and eNOS activation by stimulating the kinase Akt.
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Statin therapy improves endothelial function in patients, increasing vasomotor

responses to endothelial agonists (47–49). Statins can increase NO production by several

mechanisms. First, statins can decrease LDL and oxidized LDL cholesterol levels, which

normally inhibit eNOS expression and activity (50,51). Next, statins increase expression

of eNOS protein through inhibition of Rho, which normally destabilizes eNOS mRNA

transcripts (38). In addition, statins increase the bioavailability of NO by decreasing

reactive oxygen species that would otherwise convert NO into the pro-inflammatory

peroxynitrite (49). Finally, statins activate Akt, a protein kinase that phosphorylates eNOS

and boosts NO synthesis (52). By activating Akt, statins also promote the survival of

endothelial cells. Thus statins promote endothelial function through a variety of pathways

that converge upon NO.

STATINS DECREASE VASCULAR INFLAMMATION:
BLOCKADE OF EXOCYTOSIS

Statins also decrease vascular inflammation by blocking the first step in leukocyte

trafficking into the vessel wall (Fig. 3). Inflammation of the vessel wall—triggered by

cholesterol, hypoxia, or cytokines—activates rapid release of endothelial granules called

Weibel-Palade bodies (53). These granules store P-selectin inside endothelial cells (54).

Exocytosis of Weibel-Palade bodies causes P-selectin translocation from the interior to the

exterior of the endothelial cell, where it interacts with the selectin receptors P-Selectin

Glycoprotein Ligand-1 (PSGL-1) on leukocytes. This interaction between P-selectin on

endothelial cells and PSGL-1 leukocytes mediates leukocyte rolling along the vascular

wall, the first step in vascular inflammation.

Statins decrease vascular inflammation in part through a novel mechanism: blockade

of endothelial exocytosis. Statins activate eNOS; the NO produced by eNOS then inhibits

the exocytic machinery within endothelial cells by chemically modifying N-ethylma-

leimide sensitive factor (NSF), the molecular motor of exocytosis (55). NO inhibition of

NSF blocks exocytosis and externalization of P-selectin, thereby decreasing leukocyte

rolling (55). By inhibiting exocytosis, statins decrease inflammation and necrosis in mice

after myocardial infarction (56). However, statins have no effect upon exocytosis and

myocardial infarction in mice lacking eNOS. Thus the ability of statins to inhibit

Figure 3 Statins decrease vascular inflammation. Statins block leukocyte interactions with

endothelial cells by inhibiting endothelial release of P-selectin and by interrupting intercellular

adhesion molecule (ICAM) binding to integrins.
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exocytosis depends upon NO. Taken together, these observations suggest a novel

mechanism by which statins decrease vascular inflammation.

STATINS AND CARDIOMYOPATHY

A few tantalizing clinical trials suggest that statins also benefit patients with idiopathic

dilated cardiomyopathy—a disease not usually linked to LDL cholesterol. In one study, 60

patients with non-ischemic dilated cardiomyopathy NYHA class II were treated with

placebo or simvastatin for 14 weeks. Statin treatment slightly improved symptoms of heart

failure, and increased the ejection fraction from 34% to 41% (57). A smaller study showed

that 20 weeks of cerivastatin treatment improved symptoms but not ejection fraction in 8

patients, compared to 7 patients receiving placebo (58). These trials are small but

encourage further large-scale trials of statins for cardiomyopathy patients that include

survival as a primary end-point.

Small clinical trials suggest that statins may benefit patients with dilated

cardiomyopathy. How? Several mechanisms may explain the potential benefits of statins

(Fig. 4). Statins decrease systemic inflammation. Tumor necrosis factor-a, interleukin-1b,

and interleukin-6 are increased in patients with heart failure (59–61). Cytokines may

contribute to cardiomyopathy directly by damaging cardiac myocytes or indirectly by

attracting leukocytes which release mediators toxic to cardiac myocytes (62). As discussed

above, statins can decrease inflammation by cholesterol dependent and independent

pathways. Statins lowered tumor necrosis factor and interleukin-6 levels in patients with

dilated cardiomyopathy, compared to placebo (57,58).

Statins may also benefit patients with cardiomyopathy by reversing endothelial

dysfunction. In patients with dilated cardiomyopathy, vasodilation is impaired, in part due

to decreased NO synthesis. Vasoconstriction is further heightened by increased levels of

endothelin. Statins improve vasomotor function by increasing expression of eNOS,

inhibiting superoxide production, and decreasing expression of endothelin (63,64).

Increased NO, in turn, leads to decreased oxygen consumption (65,66). Statins may also

improve microvascular function by mobilizing endothelial progenitor cells from the bone

marrow (67,68). Supporting this idea, statin therapy accelerates the re-endothelialization

of blood vessels and improves neovascularization of the myocardium (69,70). The

mechanism by which statins mobilize endothelial stem cells is unclear, but it may include

Figure 4 Potential benefits of statins for patients with cardiomyopathy. In addition to lowering

low density lipoprotein (LDL) cholesterol, statins also decrease inflammation, improve vasodilation,

and accelerate microvascular repair.
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activation of eNOS or modulation of telomere function during endothelial stem cell

proliferation (70,71). Thus, statins may improve endothelial function by multiple

mechanisms in patients with cardiomyopathy.

CONCLUSIONS: THE TRUE SIGNIFICANCE OF STATIN
ANTI-INFLAMMATORY EFFECTS

The major clinical benefit of statins is probably derived from lowering LDL. However, in

the 30 yr since the discovery of statins, research has uncovered important anti-

inflammatory effects of statins which may also benefit patients to a lesser degree. Some

of the anti-inflammatory effects of statins are due to a decrease in LDL cholesterol, which

itself is pro-inflammatory. But statins also decrease inflammation by cholesterol

independent mechanisms. Statins block two distinct steps of leukocyte entry into the

vessel wall. In addition, statins block post-translational modification of small G-proteins

that would otherwise transduce inflammatory responses within the vessel wall. Finally,

statins improve endothelial function by stimulating synthesis of NO, which itself has anti-

inflammatory properties, and which can mobilize endothelial stem cells which repair

damaged vessels.

Although the anti-inflammatory effects of statins may have less clinical benefit than

the LDL lowering properties, research into statins have revealed new inflammatory

pathways that modulate atherosclerosis and cardiomyopathy. The true significance of the

discovery of these pleitropic effects of statins may be the identification of novel targets,

which, in turn, will lead to the development of new anti-inflammatory therapies for

patients with heart disease.
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INTRODUCTION

Atrial arrhythmias are extremely common among patients with heart failure. The purpose

of this chapter is to review the types and treatment of atrial arrhythmias which occur in

the setting of heart failure. Particular attention is focused on atrial fibrillation and atrial

flutter as these are by far the most common types of atrial arrhythmias which occur in

this setting.

ATRIAL FIBRILLATION

Overview and Clinical Significance

Atrial fibrillation (AF) is the most common sustained tachyarrhythmia in humans,

affecting more than two million people in the United States (1). The most common

symptoms of AF are palpitations, dizziness, dyspnea, and fatigue. The presence of AF

increases all-cause mortality and is associated with a five-fold increased risk of stroke (2).

A large number of risk factors have been associated with the development of AF. These

include age, structural heart disease, male gender, and obesity (3–6). Age is among the

most important risk factors for the development of AF. The overall prevalence of AF in

the United States is 2.3% in people older than 40 yr and 5.9% in those older than 65 yr.

The number of patients with AF is likely to increase by 2.5 fold during the next 50 yr,

reflecting the growing proportion of elderly individuals (7).

AF has been shown to cause structural and electrophysiologic remodeling of the

atrium (8). These basic research findings can easily be translated to the clinical situation

where it is well known that the duration of an AF episode is a profound determinant of

whether sinus rhythm can be restored and maintained. The enlarged left atrial size

commonly observed in patients with long standing AF can also be attributed to this

atrial remodeling.
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Relationship Between Atrial Fibrillation and Heart Failure

Eugene Braunwald recently declared that “AF and heart failure are the two new epidemics

of cardiovascular disease” (9). Both result in economic cost, morbidity, and mortality.

Both increase in the elderly (incidence doubles with each additional decade of life) and

both have a propensity to coexist due to shared risk factors. The interaction of two

conditions generates a vicious cycle, with AF enhancing the development of congestive

heart failure and vice versa. In Framingham Heart Study (10), among 1470 subjects, 41%

of congestive heart failure (CHF) patients developed AF and 42% of AF patients

developed CHF. AF may be the underlying rhythm in up to 50% of the patients with severe

heart failure (11). In AF subjects, the presence of development of CHF was associated with

2–3 fold increase in mortality.

There are three factors during AF, which can adversely affect impact hemodynamic

function: loss of synchronous atrial mechanical activity, irregularity of ventricular

response, and inappropriately rapid heart rate. This hemodynamic deterioration was seen

in a prospective observational study (12). The development of new-onset chronic AF in

heart failure patients was associated with a significant worsening of NYHA functional

class (mean 2.4–2.9) and a significant reduction in cardiac index (mean 1.8–2.2). Heart

failure by itself confers a risk of stroke and thromboembolism. The risk appears to be

additive to that of AF (13–15). In SAVE trial (15), every 5% decrease in EF was associated

with 18% increase of risk of stroke.

Management

In all heart failure patients with AF, there are four major issues that must be addressed: (1)

prevention of systemic embolization, (2) reversion to sinus rhythm, (3) maintenance of

sinus rhythm, and (4) control of the ventricular rate.

Prevention of Systemic Embolization in CHF Patients with Atrial Fibrillation

and/or Atrial Flutter

Perhaps the single most important aspect of management of patients with CHF and AF is

anticoagulation. Evidence from randomized controlled trials (16–20) indicates that in

patients with AF, moderate to severe LV systolic dysfunction substantially increases the

risk of cardioembolic events. According to ACC/AHA guidelines, warfarin, adjusted to

achieve an INR of 2 to 3, should be administered in patients with heart failure and

paroxysmal or chronic AF regardless of patient age (21–24).

Rate Versus Rhythm Control

Whether the “rate control” or “rhythm control” approach to AF is optimal in the setting of

AF and HF remains a topic of debate. The rationale for restoring and maintaining sinus

rhythm includes the potential reduction of symptoms, improved exercise tolerance, a

lower risk of stroke, better quality of life, and the potential for better survival (25).

Although this approach is inherently attractive, there have been no prospective

randomized clinical trials which have demonstrated better outcomes among patients

treated with a rate or rhythm control strategy. The AFFIRM study compared these two

treatment strategies in more than 4000 patients with minimally symptomatic AF. No

difference in outcomes was noted. It is important to note, however, that this does not

disprove the hypothesis that if we were able to effectively and safely restore sinus rhythm

that outcomes may have been improved. It is important to recognize that in the AFFIRM
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trial, as with all other rate versus rhythm control trials, many patients randomized

to “rhythm control” were in AF, whereas a significant proportion of patients randomized to

rate control were in sinus rhythm. In a recent report from the AFFIRM investigators, “on-

treatment” analysis revealed that the presence of sinus rhythm was associated with 47%

decrease in the risk of death (26). Several other observations support the concept that if

sinus rhythm could be safely and effectively restored, this may be the optimal approach to

management. In the CHF-STAT trial (27), heart failure patients on amiodarone who

spontaneously converted to sinus rhythm and maintained it during the follow-up period

had significantly lower mortality as compared to those who remained in AF (pZ0.04). In

the DIAMOND substudy (28), dofetilide had no effect on all-cause mortality but

restoration and maintenance of sinus rhythm in patients with heart failure and AF/atrial

flutter was associated with significant reduction in mortality (P!0.0001). Another

important study which supports the value of rhythm control is a recent study by Hsu et al.

(29). These investigators compared the outcomes of catheter ablation of AF among 58

patients with CHF and AF and a comparison group with AF but with normal ventricular

function. (29). This study demonstrated that catheter ablation had similar efficacy in these

two patient groups (78% in the patients with CHF vs. 84% in controls with the use of

antiarrhythmic drugs, 69% and 71%, respectively without the use of antiarrhythmic drugs)

and that restoration and maintenance of sinus rhythm by catheter ablation resulted in a

significant improvement in ventricular function. This study was not powered adequately to

assess the effect on mortality.

At the end of the day, it remains difficult to be certain whether rate or rhythm control

is the optimal approach. There have been no prospective randomized clinical trials to

address this issue. And to the extent that a safe and highly effective approach to restoration

and maintenance of sinus rhythm in heart failure patients does not exist, it appears unlikely

that these data will be forthcoming any time soon.

In our experience, every effort should be made to restore and maintain sinus rhythm

in patients with heart failure, particularly among those in whom it is anticipated that the

AF is truly symptomatic.

RHYTHM CONTROL

In this section of the chapter we discuss approaches that may be employed for

rhythm control.

Reversion to Normal Sinus Rhythm

An important first step in restoring and maintaining sinus rhythm is electrical

cardioversion. Although a number of pharmacologic approaches have been described,

in our experience these are of little value, and electrical cardioversion should be relied on

as the primary approach for restoration of sinus rhythm. When considering cardioversion it

is important to pay careful attention to the issue of anticoagulation. Patients either should

be systemically anticoagulated for 3 wk before and after cardioversion (INRO2.0) or a

TEE should be performed prior to cardioversion to rule out a left atrial clot. If the TEE

approach is used, it is important to be certain that systemic anticoagulation should be

maintained for 4 wk after cardioversion. And unless this is a first episode of AF, current

guidelines would suggest that all CHF patients with AF should be anticoagulated

indefinitely (30).
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Maintenance of Normal Sinus Rhythm

The long-term maintenance of sinus rhythm can be achieved by pharmacological or non-

pharmacological methods.

Pharmacological Rhythm Control

According to the ACC/AHA/EHS guidelines, amiodarone and dofetilide should be the

first-line agents to maintain sinus rhythm in heart failure patients because of proven safety

and efficacy of these medications and increased pro-arrhythmic activity seen with Class

IA/IC antiarrhythmic drugs and sotalol (31). Another concern with the use of Class I

antiarrhythmic drugs in CHF patients is the associated negative inotropic effect (32–34).

Amiodarone. Amiodarone is a Class III antiarrhythmic drug. The safety and

efficacy of low-dose amiodarone (!400 mg/day) has been validated (35,36). The major

benefits of the use of low-dose amiodarone in heart failure are its neutral effect on survival

(37), the lack of negative inotropic effect and absent or little pro-arrhythmic effect (35). In

a meta-analysis of four randomized controlled trials (35) consisting of 738 patients, there

were no cases of torsades de pointes. Interestingly, 3 cases of pro-arrhythmia occurred in

the placebo group. In the CHF-STAT trial (38), patients with AF and CHF were

randomized to either amiodarone or placebo and followed for four years. Amiodarone was

associated with a greater likelihood of reverting to sinus rhythm (31% vs. 8%) and

significantly lower mean (20%) and maximum (22%) ventricular rates as compared to

placebo. Moreover, the patients initially in sinus rhythm had a lesser likelihood of

developing AF (4.1% vs. 8.3%) if they were on amiodarone. In Canadian Trial of Atrial

Fibrillation (CTAF), 430 patients were randomized (39) to either amiodarone or a second

group (sotalol or propafenone in an open-label fashion). Over a mean follow-up of

458 days, 35% of patients on amiodarone had recurrence of AF compared with 63% of

patients on propafenone or sotalol (P!0.001). The probability of remaining in SR over

1 yr with amiodarone was 69% versus 39% for propafenone or sotalol (P!0.001). The

major early side effect of amiodarone (during loading) in patients with moderate or severe

left ventricular systolic dysfunction was found to be bradyarrhythmia, requiring

discontinuation of digoxin or permanent pacemaker placement in a significant proportion

of patients (32% and 19%, respectively) in a retrospective study of 37 patients (40).

Although amiodarone is considered to be the most effective antiarrhythmic agent for

treatment of AF, its use is limited by the development of side effects. The most common

side effects associated with amiodarone include corneal microdeposits (O90%),

photosensitivity (25–75%),increased liver transaminases (15–50%), cough with infiltrates

on chest radiography and reduced DLCO (1–15%), hypo- and hyperthyroidism (2–24%)

and gastrointestinal (30%) and neurological (3–30%) side effects (41–44). In an 11-year

follow-up study of a subset of patients in CIDS study, 50% of the patients taking

amiodarone eventually required discontinuation or dose reduction (45).

Dofetilide. Dofetilide is another antiarrhythmic agent which can be used for

treatment of AF in heart failure patients. Dofetilide is a pure Class III antiarrhythmic agent

that was recently approved for treatment of AF. It selectively inhibits K current. It has no

negative inotropic actions and has no effect on sinus node function or cardiac conduction.

In the DIAMOND CHF trial, it was shown to be effective and safe in preventing recurrent

AF in CHF patients (46). It was shown to reduce the risk of all-cause or CHF-related

hospitalizations (46). In a pooled subgroup analysis of DIAMOND studies (28), dofetilide

had no effect on all-cause mortality but the restoration and maintenance of sinus rhythm

was associated with a significant reduction in mortality (P!0.0001). In DIAMOND CHF

trial (46), after cardioversion to sinus rhythm (either pharmacological or electrical), those
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treated with dofetilide were more likely to be in sinus rhythm (57% versus 28%). Among

patients in sinus rhythm at baseline, those treated with dofetilide were less likely to develop

AF (2% versus 6%). In the patients with normal QTc interval (!429 msec), dofetilide was

associated with a significant reduction in mortality (risk ratio 0.4) while mortality was

increased in those with QTcO479 msec (risk ratio 1.3). The most significant adverse effect

associated with dofetilide was torsades de pointes, seen in 3.3% of patients (46).

Dofetilide can only be initiated on an in patient basis because of the risk of

proarrhythmia. (47,48). The dose of dofetilide is based on patient weight and creatinine

clearance. The most common adverse event is bradycardia followed by significant QT

prolongation, ventricular arrhythmia, heart failure, rapid ventricular response, conduction

abnormalities, hypotension, and stroke. The greatest risk is in the first 24 hr, in elderly

patients and in patients with previous myocardial infarction (47).

Non-pharmacological Rhythm Control

If pharmacologic attempts at maintenance of sinus rhythm fail or are associated with

significant side effects, nonpharmacologic approaches can be considered. Catheter ablation

of AF is now performed in most major EP laboratories throughout the world. Catheter

ablation of AF is performed in most centers using a circumferential approach with or

without pulmonary vein isolation. These approaches involve the creation of continuous

encircling lesions around the two left and two right pulmonary veins (49–51). A recent

worldwide survey reported the outcomes of 8745 patients who underwent catheter ablation

of AF at 90 distinct centers worldwide (50). The overall success rate (no AF, off drugs) was

52%. An additional 23.9% of patients were rendered AF free with antiarrhythmic therapy.

Less is known about the efficacy of catheter ablation in patients with AF and heart

failure. The majority of pulmonary vein isolation procedures have been performed in

patients with preserved left ventricular systolic function (52–56). However, a significant

percentage of patients with AF have reduced systolic function (57). There have been two

recent studies which have examined this question (29,58). In one study (29), 58 patients

with CHF who underwent catheter ablation for AF, were compared to 58 patients without

CHF who also underwent catheter ablation, matched according to age, sex and AF type. At

12 mo follow-up, 69% of patients with CHF and 71% of controls were in sinus rhythm

without the administration of antiarrhythmic drugs (78% and 84% respectively, with

antiarrhythmic drugs). The patients with CHF had significant improvement in LV function

(mean increase in EF of 21% and fractional shortening of 11%, respectively p!0.001),

LV dimensions (mean decreases in the diastolic and systolic diameters of 6 and 8 mm

respectively, p!0.001). Among the subset of patients with presumed tachycardia-

mediated cardiomyopathy (without structural heart disease and with inadequate prior rate

control), 92% had a marked improvement in LVEF with ablation (an increase of R20% or

an increase to a final EF of R55%). The EF improved significantly not only in patients

with concurrent structural heart disease and those with inadequate rate control before

ablation, but also in those without coexisting heart disease and adequate rate control before

ablation, supporting the recent finding that irregular rhythm decreases the cardiac output,

independent of heart rate (59). In another study (60), after pulmonary vein isolation, there

was a significant improvement in quality of life and about 75% of the patients with

impaired EF remained AF free at the end of follow-up. There was a non-significant rise of

4.6% in EF.

Although both of the above-mentioned studies were nonrandomized, restoration and

maintenance of sinus rhythm with catheter ablation in patients with AF and CHF without

the use of antiarrhythmic drugs was shown to be a safe and effective option. Before
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recommending it as the first-line therapy for general population, randomized studies with

more patients are needed. Catheter ablation for AF was recently developed and is still

evolving. It is technically challenging and has a significant learning curve and potential

risks. Further developments are needed to make it safer and easier. If rhythm control

therapy is chosen, concurrent AV nodal blockade should be considered to prevent an

exacerbation of CHF due to a rapid ventricular response in the case of recurrence of AF

and to prevent a 1:1 response in the case of recurrence of atrial flutter.

RATE CONTROL

Rate control is an approach that can be used for treatment of AF patients either as primary

therapy or if antiarrhythmic therapy or nonpharmacologic approaches are unsuccessful.

Pharmacological Rate Control

There are three classes of drugs which are widely used for rate control of AF: calcium

channel blockers, beta-blockers, and digoxin. Although amiodarone is also effective for

rate control, its side effect profile is such that it should not be relied on for rate control due

to the high likelihood of developing side effects. A recent study reported the outcomes of a

head-to-head comparison of several different rate control strategies. This crossover, open-

label outpatient study was conducted comparing the effects of digoxin, diltiazem, and

atenolol on the exercise-induced changes of ventricular rate in patients with chronic AF

(61). The results of this study demonstrated that beta-blockers are most effective for rate

control and that digoxin is least effective for rate control. Not surprisingly, combination

therapy was more effective than monotherapy. Based on the results of this study, as well as

the well-established benefits of beta-blockade and digoxin in the treatment of heart failure

patients, we prefer to employ these two drugs for pharmacologic rate control in

this setting.

Beta-Blockers

As noted above, beta-blockers are considered to be the most effective rate control

medication in patients with AF. There are no data on the safety and efficacy of the use of

beta-blockers in acute AF in patients with left ventricular dysfunction. Thus, their use in

this setting has to be individualized. A few studies have investigated the role of beta-

blockers in the long-term rate control of chronic AF in the setting of left ventricular

dysfunction. In a recent retrospective analysis of the US Carvedilol Heart Failure Trials

Program (62), carvedilol was associated with a significant improvement in left

ventricular ejection fraction (from 23% to 33% with carvedilol and 24% to 27% with

placebo, PZ0.001) in patients with chronic AF and CHF. A trend toward a reduction in

the combined end-point of death or CHF-related hospitalization was also observed (pZ
0.055). Other studies have also shown that beta-blockers control ventricular rate

effectively, improve ventricular function, and are well tolerated when added to digoxin

(63–65). However, great care should be used when initiating beta-blockers in patients

with AF and CHF.

Digoxin

Despite its widespread use in heart failure patients who have AF, digoxin is only

minimally effective in slowing the ventricular response to AF (66). Because of this,
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digoxin is commonly used in conjunction with beta-blockers or calcium channel blockers.

A randomized, double-blind, placebo-controlled trial in patients with persistent AF and

CHF demonstrated that the combination of digoxin and carvedilol was more effective in

controlling ventricular rate as compared to digoxin or carvedilol alone (67).

Diltiazem

Limited experience (67–71) suggests that intravenous diltiazem is safe and more effective

than digoxin for rate control in patients with heart failure and acute onset AF. The negative

inotropic effect of diltiazem in the patients with acute AF and severe CHF is probably

offset by a significant reduction in heart rate and peripheral vascular resistance. This

explains the lack of significant reduction in ejection fraction and cardiac index despite

significant reduction in mean arterial pressure and pulmonary capillary wedge pressure,

observed in studies (72,73). Although the long-term use of ditiazem for rate control of AF

in CHF patients has been shown to be beneficial in some series of CHF patients, other

studies question its safety particularly in patients with severe heart failure. At this point we

would suggest that diltiazem not be considered a first-line option for rate control in CHF

patients. However, in selected situations, particularly when beta-blockers are contra-

indicated, diltiazem may be of value (74–76).

Non-pharmacological Rate Control

Catheter ablation of the AV junction and placement of a permanent pacemaker is a safe

and highly effective approach to achieving rate control among patients with AF and CHF.

A randomized controlled trial (77) has confirmed the effectiveness of this approach in

controlling symptoms in patients with CHF, at 12-month follow-up. Ozcan et al. recently

reported a study of 350 patients who underwent ablation of atrioventricular node and

implantation of a permanent pacemaker (78). This study showed that in the absence of

underlying heart disease, survival among patients with AF after ablation of AV node was

similar to expected survival in the general population. However, a history of CHF was

shown to be an independent predictor of death (PZ0.02) after a mean follow-up of 36 mo,

as compared to general population. In another study (79), the same authors studied the

long-term survival in the patients with AF and CHF who underwent AV node ablation.

This study included 58 patients with CHF who were followed up for a mean of 40 mo

following AV node ablation. The results of this study demonstrated that after ablation, the

LVEF nearly normalized (R45%) in 16 study patients (29%), in whom observed survival

was comparable to that of normal subjects (pZ0.37). Survival worsened in the patients

with persistent LV dysfunction despite undergoing ablation (79), underscoring the impact

of improvement in LV function after the procedure. It is particularly notable that a number

of studies have reported that ventricular function may improve following ablation of the

AV junction. This likely reflects the fact that in a subset of patients, AF with a rapid

ventricular response can cause a reversible tachycardia-induced cardiomyopathy (80–84).

One potential down side of catheter ablation of the AV node and placement of a

permanent pacemaker, is that this creates ventricular dyssynchrony as a result of

stimulation of the right ventricular apex. In effect, this results in the same physiology as

observed in patients with a LBBB. A recent study (PAVE trial) randomized patients

undergoing AV node ablation to placement of a standard single chamber pacemaker or to

placement of a biventricular pacemaker (85). One hundred eighty-four patients with

chronic AF and CHF (NYHA class I–III) were randomly assigned to BiV pacing or

standard RV pacing following AV junction ablation. At six months, BiV pacing was
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associated with significantly greater six-minute walking distance, peak oxygen

consumption with exercise, and exercise duration. No significant change was seen in

LVEF among patients with BiV pacing, while the LVEF fell from 45% to 41% in patients

treated with RV pacing (85).

Isolated RV pacing has been shown to worsen heart failure and increase the

frequency of AF (86,87). Upgrading to BiV pacing after chronic RV pacing in 20 patients

with AF, CHF, and prior AV nodal ablation, was shown to improve the myocardial

function (88).

ACE Inhibitors and Prevention of AF

A number of randomized studies have demonstrated that treatment with ACE inhibitors

may also reduce AF. Trandolapril reduced the incidence of AF in a large cohort of post-MI

patients with significant LV systolic dysfunction (89). Whether this effect was due to post-

remodeling effect of ACE inhibitors post-MI or primary antiarrhythmic effect of ACE

inhibitors on atrial myocardium preventing the onset of AF is not clear. In a recent meta-

analysis of 7 randomized trials (90), there was a significant difference in the pooled

development of AF in the people who were on ACE inhibitors or ARBs, as compared to

controls (PZ0.003). There is evidence for antiarrhythmic properties of ACE inhibitors,

although the mechanism is unclear (91,92). Proposed mechanisms are reduction of atrial

premature beats, reduction of atrial pressure (93), and increase in local bradykinin (94).

ATRIAL FLUTTER

Overview and Clinical Significance

Atrial flutter is also common in heart failure patients. Atrial flutter generally has a regular

atrial rate varying from 250 to 350 bpm in the absence of antiarrhythmic therapy. There is

generally 2:1 or 4:1 conduction to the ventricle resulting in a ventricular response of

approximately 75 bpm. Like AF, atrial flutter is important because it can cause symptoms

and also can increase stroke risk. The symptoms associated with atrial flutter result from

the rapid rate, and loss of effective atrial contraction. Although the exact incidence of atrial

flutter is unknown, it is estimated to be present in about 10% of the patients presenting with

a supraventricular tachycardia (95). The overall incidence in general population increases

markedly with age, ranging from 5 per 100,000 person-years under age 50 to 587 per

100,000 person-years over age 80 (96). The risk of developing atrial flutter increases 3.5

times in the patients with heart failure (96).

Atrial flutter is a macroreentrant arrhythmia that involves a single reentry circuit.

The most common type of atrial flutter can be recognized by the presence of characteristic

saw tooth flutter waves in the inferior leads and a positive flutter wave in V1. This type of

atrial flutter results from a circuit which is confined to the right atrium and travels around

the tricuspid annulus in a counterclockwise direction. The cavo-tricuspid isthmus is a

critical component of the reentry circuit.

Relationship Between Atrial Flutter and Heart Failure

In a population-based study, among 118 new cases of atrial flutter, 16% were attributable

to heart failure (96). Atrial flutter causes an increase in the mean right and left atrial
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pressure (97) and can cause tachycardia-induced cardiomyopathy or worsen pre-existing

heart failure.

Management

Similar to AF, there are four goals of management: prevention of systemic embolization

(discussed above in AF section), reversion to normal sinus rhythm, maintenance of normal

sinus rhythm, and control of the ventricular rate.

Reversion to Normal Sinus Rhythm

Atrial flutter is generally an incessant arrhythmia that does not terminate spontaneously.

There are three approaches that can be used to terminate atrial flutter. The most common

approach is electrical cardioversion. The technique is identical to that used for AF,

although lower energy settings are generally effective. The same guidelines for

anticoagulation also apply. A second approach is to use overdrive pacing to terminate

atrial flutter. This technique involves pacing the atrium 20 to 50 bpm faster than the atrial

flutter rate. Although it is highly effective, this approach is impractical unless the patient is

postoperative and external wires are on the atrium, or if the patient has a pacemaker

capable of rapid atrial pacing for termination of atrial flutter. The third approach to

termination of atrial flutter is catheter ablation. This will be described in more

detail below.

Although pharmacologic cardioverion can be performed, it has only limited efficacy.

Ibutilide is considered to be the most effective antiarrhythmic agent for acute termination

of atrial flutter. Stambler et al. (98) recently reported that intravenous ibutilide had a higher

efficacy in atrial flutter than fibrillation (63% versus 31%, P! .0001) but 8.3% patients

developed polymorphic ventricular tachycardia. It is for this reason that we rarely, if ever,

employ ibutilide for pharmacologic cardioversion of atrial flutter.

Maintenance of Normal Sinus Rhythm

Catheter ablation is considered to be first-line therapy for treatment of atrial flutter.

Catheter ablation of atrial flutter involving the cavo-tricuspid isthmus is a very safe and

highly effective procedure. Catheter ablation of atrial flutter is commonly performed on an

outpatient basis. Two catheters are placed in the heart—a multipolar mapping catheter and

the ablation catheter. RF energy is delivered between the tricuspid valve and in inferior

vena cava. Most studies have reported an acute efficacy for this procedure greater than

90% with a less than 1% risk of complications (99–109). Although pharmacologic therapy

can also be used for treatment of atrial flutter, a recent randomized trial reported that

catheter ablation was superior to pharmacologic therapy with propafenone (80% vs. 36%

respectively, P!0.01) (110).

Control of Ventricular Rate

The goals of controlling the ventricular response in a CHF patient are the same as in AF,

i.e., to reduce symptoms, prevent hemodynamic instability and pulmonary edema and

prevent tachycardia-induced cardiomyopathy. Intravenous diltiazem is the drug of choice

for acute control of atrial flutter in patients with normal LV function. It should be used

with caution in advanced heart failure, although limited evidence (68) suggests that it may

be safe. There are no data on the safety and efficacy of intravenous beta-blockers in acute
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atrial flutter in the patients with CHF and their use should be individualized in this setting.

Digoxin can be the first-line drug in acute atrial flutter in CHF (although efficacy is

relatively low) and it can be given with beta-blockers or calcium channel blockers. It can

also be used to achieve long-term control of ventricular rate in a patient with CHF. A

larger dose of digoxin is needed to control the ventricular rate than used in AF because a

greater AV nodal refractoriness must be produced (111). The higher doses of digoxin

necessary to control the ventricular response to atrial flutter may result in serum levels

associated with increased mortality. Therefore, digoxin should probably not be used alone

to control rate in atrial flutter if the patient has CHF.

OTHER SUPRAVENTRICULAR TACHYCARDIAS

Overview, Clinical Significance, and Management

Although AF and atrial flutter are the most important supraventricular arrhythmias

observed in patients with CHF, any type of supraventricular arrhythmias may be observed.

Perhaps the most common type of SVT following AF and atrial flutter is paroxysmal

supraventricular tachycardia resulting from AV node reentry or a concealed or manifest

accessory pathway. Catheter ablation is considered first line in the management of these

arrhythmias. Success rates in excess of 95% with complication rates of !3% are routinely

achieved in virtually all EP laboratories. There is little role for antiarrhythmic therapy in

the treatment of these types of supraventricular arrhythmias. A less common type of SVT

is atrial tachycardia. Atrial tachycardia may either be focal or multifocal. Focal atrial

tachycardias are also highly amenable to treatment with catheter ablation. Multifocal atrial

tachycardia (MAT) is characterized by variability in P wave morphology. MAT can occur

in the presence of any heart disease or acute critical illness like sepsis or recent surgery,

particularly when associated with CHF or underlying lung disease. Treatment must be

aimed at correcting any correctable underlying disorder which includes pulmonary and

cardiac disease, hypokalemia, and hypomagnesemia. The use of antiarrhythmic drugs has

generally been disappointing (112). Radiofrequency modification of AV junction has been

shown to be effective in refractory MAT cases (113).

CONCLUSION

In conclusion, supraventricular arrhythmias are common among patients with heart

failure. By far the most common types are AF and atrial flutter. For each of these

arrhythmias systemic anticoagulation is essential. Although definitive data are still

lacking, efforts to restore and maintain sinus rhythm are generally warranted. And if

unsuccessful, rate control strategies can be employed. AF is generally treated initially with

antiarrhythmic drugs. If these are ineffective or poorly tolerated, catheter ablation of AF

has become a promising new option. Typical atrial flutter can be treated safely and

effectively with catheter ablation (unless the patient has decompensated CHF), which is

considered to be the first-line therapy. The approach to treatment of paroxymal

supraventricular tachycardia and other types of atrial tachycardias is similar to the

approach used in non-heart failure patients. It is especially important to be vigilant for the

possibility that a patient’s CHF may be due to a rate-related cardiomyopathy, which is

reversible with effective rate control.
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in Heart Failure

Usha B. Tedrow and William G. Stevenson
Cardiovascular Division, Brigham and Women’s Hospital, Harvard Medical School,
Boston, Massachusetts, U.S.A.

INTRODUCTION

Ventricular arrhythmias in patients with heart failure often contribute to clinical

decompensation, and can cause sudden death. Because ventricular arrhythmias are nearly

ubiquitous in heart failure, ambient arrhythmias represent only a portion of the many

important considerations in assessing sudden death risk. Implantable cardiac defibrillators

are considered for an increasing number of heart failure patients to prophylax against

arrhythmic sudden death. Some patients require adjunctive antiarrhythmic drug therapy

and occasionally catheter ablation to reduce the frequency of ventricular arrhythmias. The

etiologic diversity of patients with heart failure impacts the incidence of arrhythmias and

diagnostic as well as therapeutic strategies. Because of the complexities, potential risks

and benefits of these therapeutic modalities, it is essential that management is integrated

between patient, heart failure specialist, and electrophysiologist.

VENTRICULAR ARRHYTHMIAS AND SUDDEN CARDIAC DEATH

Sudden cardiac death accounts for 20% to 50% of the mortality in patients with heart

failure. Ventricular arrhythmias are an important cause of these heart failure deaths,

and implantable defibrillators (ICDs) are warranted for many high-risk patients.

Other mechanisms of sudden death also occur, which ICDs do not prevent (1–4).

Bradyarrhythmias caused 41% of in-hospital unexpected cardiac arrests in one series

(4). Conduction disease associated with heart failure, myocardial ischemia, antiarrhythmic

and beta-adrenergic blocking drugs, and hyperkalemia are important potential

contributors. Bradyarrhythmias and pulseless electrical rhythm may be a more common

presentation of cardiac arrest in nonischemic cardiomyopathies (NICM) as compared to

ischemic cardiomyopathies (ICM). Compared to stable outpatients, patients hospitalized

with advanced heart failure may have a higher incidence of electromechanical dissociation

as a cause of sudden death (1,5). Unexpected and unrecognized acute myocardial
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infarction, pulmonary embolism, stroke, and ruptured aortic aneurysms also cause some of

these deaths.

In chronic dilated cardiomyopathy, the incidence of sudden death increases with the

severity of heart failure (6–15). In patients with minimal to modest symptoms of heart

failure, the annual risk of sudden death ranges from 2%–6% per year. Those with more

advanced symptoms, New York Heart Association functional class III to IV, have a risk of

5%–12% per year. As the severity of heart failure increases, deaths due to pump failure

increase to a greater extent than sudden deaths (7). Thus the proportion of sudden deaths

decreases from 50%–80% for mild to moderate heart failure, to 5%–30% for severe heart

failure (2,16,17). ICDs provide effective therapy for most episodes of ventricular

tachycardia (VT) or fibrillation, which has been shown to improve survival. In the Sudden

Cardiac Death in Heart Failure Trial (SCD HeFT), ICD therapy in class II and III heart

failure patients with EF!35% reduced mortality by 23% over 5 yr (absolute reduction of

7%) and was superior to therapy with amiodarone, which had no benefit (18). The major

limitation of defibrillator therapy is that it does nothing for the substrate responsible for the

arrhythmia. VT recurrences and ICD shocks can cause serious symptoms (19,20), and

frequent episodes of symptomatic VT require antiarrhythmic drug therapy or

catheter ablation.

Monomorphic Ventricular Tachycardia

Ischemic Heart Disease

Patients with ICM typically have large areas of infarction (Fig. 1A). Surviving myocyte

bundles within areas of prior infarction can create channels of slow conduction of

electrical impulses that can form the substrate for reentry circuits (21,22). The VT that

results is typically monomorphic, with each QRS complex resembling the preceding and

following QRS complex (Fig. 2). Because the arrhythmia substrate is relatively fixed and

stable, VT is usually inducible in the electrophysiology laboratory with programmed

stimulation. Induction of arrhythmia in these controlled circumstances is useful in several

situations. When the diagnosis of a wide QRS tachycardia is uncertain, initiation of the

arrhythmia allows confirmation of the diagnosis, distinguishing monomorphic VT from

supraventricular tachycardia conducted with aberrancy. For patients with recurrent VT the

location of the reentry circuit can potentially be identified and ablated. The ability to

induce VT in the electrophysiology laboratory also predicts an increased risk of VT or

cardiac arrest during follow-up, which usually warrants consideration of ICD implantation

(23). However, it is important to recognize that in patients with poor ventricular function,

absence of inducible VT does not necessarily convey a low sudden death risk and

implantation of an ICD may still be associated with a survival benefit (23,24,64).

Nonischemic Dilated Cardiomyopathy

In patients with idiopathic nonischemic dilated cardiomyopathy (NICM), large areas of

scar or infarction are usually absent (Fig. 1B) and programmed stimulation rarely induces

sustained monomorphic VT if it has not occurred spontaneously (25,26). A negative

electrophysiology study has little prognostic value (27–31). Interestingly, of the

uncommon NICM patients who develop sustained monomorphic VT, most have evidence

of large areas of ventricular scar associated with a reentry circuit (32). The scar may be a

consequence of replacement fibrosis from the myopathic process itself or due to infarcts

from embolism of left ventricular or atrial thrombus to a coronary artery. Scars causing VT
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Figure 1 Left ventricular electroanatomic maps from two patients with ventricular tachycardia

due to ischemic (A) and nonischemic (B) cardiomyopathy are shown. Maps were created during

left ventricular mapping by moving a catheter from point to point on the ventricle. Points on the

map are coded in grayscale for electrogram amplitude in millivolts (mV). Areas in medium gray

represent normal myocardium, and lighter areas (!1.5 mV) are abnormal scars or infarcts. Areas

of dark gray represent unexcitable scar. Notably the ischemic cardiomyopathy has a large area of

low voltage anteroapical scar. Areas of surviving myocyte bundles within the scar are denoted by

the arrow. The nonischemic cardiomyopathy has patchy low voltage disease without large areas of

dense scar.
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in the absence of coronary artery disease should prompt consideration of arrhythmogenic

right ventricular dysplasia (ARVD), sarcoidosis, and Chagas’ disease (33–40).

Arrhythmogenic Right Ventricular Dysplasia

ARVD or cardiomyopathy is a term that refers to a group of genetic disorders

characterized by ventricular arrhythmias and preferential involvement of the right

ventricle. The free wall of the right ventricle is most commonly affected in this disease

characterized by myocyte replacement with fatty or fibrofatty tissue (Fig. 3) (41,42).

Aneurysms can form in the typical “triangle of dysplasia,” which includes the outflow tract

of the right ventricle, the inflow area near the tricuspid valve, and the apex of the right

ventricle (41). The left ventricle is involved in up to 76% of patients with advanced disease

(35). Inheritance is typically autosomal dominant, though a recessive variant has been

described. Several different genetic mutations have been described including genes coding

for cell adhesion proteins (plakoglobin and plakophilin), and the ryanodine receptor

(43,44). Over 75% of patients have T-wave inversions in the right precordium. Delayed

activation of portions of the RV can produce notches at the end of the QRS, particularly in

the anterior precordial leads, referred to as epsilon waves and contribute to abnormal

signal averaged ECG (42,45). Ventricular arrhythmias are common, and may result both

from the abnormal infiltrated tissue as well as from disrupted autonomic innervation of the

ventricle (46). Monomorphic VT with a left bundle branch block configuration is the most

common arrhythmia, although ventricular fibrillation is also a risk. Patients with sustained

monomorphic VT should receive an ICD to prophylax against sudden death (47,48).

Sarcoidosis

Sarcoidosis is a systemic disease of cryptic origin marked by granuloma formation and

immune response, most commonly in the pulmonary and lymphatic tissues. Clinically

evident cardiac involvement is present in approximately 5% of cases (49,50). Isolated

cardiac disease is uncommon. The most common manifestation of cardiac involvement is
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Figure 2 Shown is a 12 lead ECG of sustained monomorphic ventricular tachycardia in a patient

with ischemic cardiomyopathy.
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AV block, as a consequence of granuloma formation in the basal interventricular septum

(Fig. 4) (51). One-third of patients have complete heart block, and 60% have right bundle

branch block (49). VT is the second most common cardiac manifestation affecting 20% of

patients, and is typically the consequence of granuloma and scar formation in the

ventricles. Predominantly right ventricular involvement can mimic right ventricular

dysplasia. Atrial fibrillation and flutter can also occur but less commonly. Ablation and

antiarrhythmic drugs may be required to control frequent episodes of VT. There is some

evidence that early therapy with corticosteroids may be helpful in patients with refractory

VT (52,53).

Chagas’ Disease

Chagas’ disease is associated with chronic infections by the parasite Trypanosoma cruzi.

The parasite is endemic to Mexico and Central and South America. Approximately 16 to

18 million people in endemic areas are infected with T. cruzi, and 10% to 30% of those

infected will develop symptomatic chronic Chagas’ disease years or decades later (54).

Figure 3 Shown is a fat suppressed MRI image from a patient with arrhythmogenic right

ventricular dysplasia. The long arrow indicates the interventricular septum. The anterior wall of the

right ventricular (short arrow) myocardium appears less dark than the septum in this fat-suppressed

image. Source: Courtesy of Dr. Raymond Kwong, Brigham and Women’s Hospital, Boston,

Massachusetts, U.S.A.
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The cardiac disease is characterized by biventricular enlargement, thinning of the

ventricular walls, apical aneurysms, and mural thrombi. In the chronic form, lympho-

cytic infiltration, fibrosis, atrophy of myocardial cells, and absence of trypanosomes is

typical. Atrioventricular conduction is often affected, resulting in right bundle-branch

block, left anterior fascicular block, or complete atrioventricular block (55). VT is

common and may dominate the clinical picture (56). The VT is inducible at electro-

physiologic study and associated with large areas of ventricular scar. Catheter ablation

often requires an epicardial approach and can help control recurrences when amiodarone

therapy fails (57).

Bundle Branch Reentry VTs

Dilated heart failure is commonly associated with conduction system disease. Slowing of

conduction in the specialized conduction system can lead to monomorphic VT due to a

circulating reentry wavefront down the right bundle branch, through the interventricular

septum and up the left bundle branch, referred to as bundle branch reentry. Tachycardia

typically has a left bundle branch block type of QRS configuration. Less frequently the

circuit revolves in the opposite direction giving rise to a right bundle branch block

configuration. Bundle branch reentry is found in approximately 8% of patients with

ventricular dysfunction and monomorphic VTs (58). This type of VT should be

particularly suspected as the cause of VT in patients with nonischemic dilated

cardiomyopathies, including those associated with valvular heart disease and muscular

dystrophies, in whom it may account for over a third of sustained monomorphic VTs

(32,59). Bundle branch reentry VT is inducible by programmed stimulation and is

amenable to cure by catheter ablation of the right bundle branch. Other VTs may be

Figure 4 A gross pathology specimen from a patient with cardiac sarcoidosis is shown. The long

arrow indicates an area of scarring within the interventricular septum. The right ventricle (short arrow)

also exhibits extensive prominent scarring. This right ventricular involvement occasionally makes

clinical differentiation between sarcoidosis and arrhythmogenic right ventricular dysplasia difficult.
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present and AV conduction is often severely impaired warranting placement of an ICD

with back up pacing in many patients.

Idiopathic VT Causing Tachycardia-Induced Cardiomyopathy

Incessant tachycardia from any cause can cause a tachycardia induced cardiomyopathy.

Supraventricular arrhythmias are the most common cause but this can also occur with

idiopathic VT (60). The most common idiopathic VT originates from the right ventricular

outflow tract, giving rise to a left bundle branch block configuration QRS with an axis

directed inferiorly. Arrhythmogenic RV dysplasia is an important consideration in the

differential diagnosis. If recognized in time, elimination of tachycardia by catheter

ablation or medications can be followed by marked improvement of ventricular function,

in some cases to normal. Ongoing surveillance is warranted because rapid deterioration of

ventricular function may occur if the arrhythmia recurs and sudden deaths have been

reported (60).

Evaluation and Therapy for Sustained Monomorphic VT

Following restoration of sinus rhythm, potential precipitating and aggravating factors

should be sought and corrected. The underlying heart disease should be defined. The major

role of electrophysiologic testing after an episode of sustained monomorphic VT is to

confirm the diagnosis when supraventricular tachycardia with aberrancy is a

consideration, and to guide catheter ablation therapy of the VT, if needed. It should be

recognized that sustained monomorphic VT is associated with an underlying structural

abnormality in the vast majority of cases and that 20% to 40% of patients will have

recurrences during the following two years regardless of correction of myocardial

ischemia or other potential aggravating factors. Even when monomorphic VT occurs with

elevated serum cardiac enzymes indicating infarction, the risk of recurrent VT remains

high despite treatment for ischemia (61). Implantation of an ICD is recommended and is

more effective in preventing sudden death than therapy with amiodarone (62). ICDs can

often terminate the arrhythmia by painless, antitachycardia pacing. If recurrent episodes of

VT causing symptomatic ICD therapies occur, antiarrhythmic drugs or catheter ablation

can be considered at that time.

Patients with periods of high frequency of VT, typically more than 3 episodes of VT

per 24 hr, are referred to as having VT storm. Intravenous amiodarone, and measures to

reduce sympathetic tone, including sedation and assisted ventilation are often helpful

adjuncts to antiarrhythmic drugs that act to decrease adrenergic tone in the setting of

incessant VT (63). Episodes of VT are a marker for mortality, even when an ICD prevents

arrhythmic death, and patients with VT storm or frequent VT have an increased incidence

of death from pump failure during short term follow-up (19,64). If drug therapy is

ineffective or the medication side effects are intolerable, catheter ablation should be

pursued (65). When frequent or incessant arrhythmias cannot be controlled, placement of a

ventricular assist device as destination therapy or as a bridge to cardiac transplantation is

an option for some patients.

Sustained Polymorphic VT

Polymorphic VT has a continually changing QRS complex, and is often caused by

potentially reversible conditions. Acute myocardial ischemia or infarction is a common

etiology and warrants evaluation. Torsade de pointes associated with QT interval
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prolongation is the other major form of polymorphic VT. Less commonly, polymorphic

VT is associated with cardiomyopathy or prior infarction without clear

precipitating triggers.

Torsade de Pointes

Polymorphic VT associated with QT interval prolongation is referred to as torsade de

pointes (66). Any cause of QT interval prolongation can cause torsade de pointes, and

hypokalemia, bradycardia, drugs such as sotalol, dofetilide, ibutilide, quinidine,

n-acetylprocainamide, haloperidol, and erythromycin are relatively common causes. A

more extensive list is available at the www.QTdrugs.org web site maintained by the

University of Arizona.

Chronic heart failure is accompanied by ventricular hypertrophy which is manifest

not only as an increase in ventricular mass, but also as cellular hypertrophy, changes in

ionic currents, and alterations in the ventricular interstitium. Repolarizing potassium

currents are reduced, delaying repolarization and prolonging action potential duration.

Impaired intracellular calcium handling promotes increased activity of the sodium–

calcium exchanger which also contributes to action potential prolongation (67–73). Action

potential prolongation is manifest on the surface ECG as QT interval prolongation.

These electrophysiologic changes may increase the susceptibility of patients with

heart failure to the polymorphic VT and the increasing risk of drug induced proarrhythmia

in heart failure (68,74). Potassium and magnesium depletion from chronic diuretic therapy

also promote arrhythmias and torsade de pointes (15,75–77). In one series of patients with

heart failure, torsade de pointes caused 13% of cardiac arrests (78,79). Administration of

the potassium channel blocking antiarrhythmic drug dofetilide to patients with heart

failure was associated with a 5% risk of torsade de pointes or marked QT prolongation

even when precautions were taken to exclude susceptible patients (80). Patients who have

had torsade de pointes to one agent remain at risk for recurrence when exposed to other

agents that prolong the QT interval (74).

The potential susceptibility to torsade de pointes warrants several precautions in

patients with heart failure. Patients treated with antiarrhythmic drugs that prolong the QT

interval, (sotalol, dofetilide, quinidine, procainamide, ibutilide, or disopyramide) should

have therapy initiated in-hospital with electrocardiographic monitoring and careful

observation for the occurrence of marked QT prolongation and torsade de pointes.

Amiodarone is an exception, which has a much lower risk of torsade de pointes, and can be

safely initiated out of hospital for most patients. Even amiodarone should be avoided,

however, in heart failure patients who have had torsade de pointes to another agent unless

they have an implanted defibrillator (74).

Torsade de pointes is often “bradycardia-dependent” or “pause dependent,” with a

characteristic initiating sequence (Fig. 5). A sudden increase in R-R interval, as may occur

following a premature beat, creates a pause. The QT interval of the beat terminating the

pause is prolonged, and characteristically the first beat of the tachycardia interrupts the

Figure 5 Shown is an episode of torsade de pointes initiated by a long-short R-R interval.
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T-wave of that beat. Interventions that increase heart rate and shorten refractoriness are

protective. Emergent treatment is intravenous administration of magnesium sulfate. If

episodes continue, therapy directed at accelerating the heart rate with intravenous

administration of isoproterenol and/or transvenous pacing is warranted.

Patients who have had torsade de pointes should avoid all drugs that prolong the QT

interval. Although amiodarone prolongs the QT interval, torsade de pointes is uncommon,

possibly because it also blocks ionic currents that also cause the arrhythmia. Patients with

heart failure are particularly susceptible to torsade de pointes and therapy with amiodarone

is not protective (68,74). Treatment with an ICD is reasonable. ICDs also provide pacing

to prevent bradycardia and to suppress pauses following premature beats that may help

prevent polymorphic VT (81).

Syncope

Although syncope can be due to orthostatic hypotension aggravated by diurectics and

vasodilators, a careful evaluation and consideration for ICD placement is warranted.

Among 491 consecutive patients with advanced heart failure, Middlekauff et al. found that

12% had a history of syncope (17). In 45% of these patients, syncope was attributed to a

cardiac arrhythmia. Orthostatic hypotension or a non-cardiac cause was identified in 25%,

and no clear cause was identified in 30% of patients. The rate of sudden death during the

following year was 45%. The sudden death risk was similar for patients with identifiable

cardiac causes and presumptively identified noncardiac causes of syncope, suggesting that

even when an apparently benign explanation is found, patients with heart failure and

syncope remain at high risk for sudden death.

In patients with NICM and syncope, a negative electrophysiologic study does not

indicate a low risk. Knight and coworkers implanted ICDs in 14 patients with nonischemic

cardiomyopathy, unexplained syncope, and a negative electrophysiology study. During an

average follow-up of 2 yr, half of the patients received therapy from the ICD for VT or

ventricular fibrillation (82). Of 639 consecutive patients with non-ischemic cardiomyo-

pathy referred for heart transplantation reported by Fonarow and coworkers, 147 (23%)

had a history of syncope (83). Twenty-five of these patients received an ICD; 40%

received an appropriate shock for VT and none died suddenly during a mean follow-up of

22 mo. Of the 122 patients who had a history of syncope but did not receive an ICD, 15%

died suddenly during follow-up. Actuarial survival at 2 yr was 84.9% with an ICD therapy

and 66.9% with conventional therapy.

Based on the above data, implantation of an ICD is a reasonable consideration for

most patients with heart failure and unexplained syncope (82,83).

Nonsustained VT and Ventricular Ectopic Activity

Ventricular ectopic activity and nonsustained VT of 3 or more consecutive beats are

common in heart failure patients; 34% to 79% of patients have one or more runs of

nonsustained VT on 24-hr ambulatory recordings (16,84,85). These are typically short;

only 30% of patients have runs O5 beats in duration (16). Fast, long runs of nonsustained

VT and polymorphic VT should prompt a careful search for possible myocardial ischemia

and causes of torsade de pointes. Frequent ventricular ectopy and nonsustained VT are

markers for increased mortality and sudden death, but appear to reflect the severity of

underlying heart failure and ventricular dysfunction, rather than a specific arrhythmia risk

(16,84,85). Furthermore, suppression of nonsustained VT with antiarrhythmic drug

therapy does not improve survival (86). Occasionally ventricular ectopic activity is due to
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an aggravating factor that requires treatment, or is a marker for hemodynamic

deterioration. Hyper- or hypokalemia, hypoxemia, apneic periods during sleep and

myocardial ischemia are potential causes that deserve evaluation when a marked change in

the frequency of ectopic activity occurs (87–90). Asymptomatic arrhythmias should, in

general, not receive specific antiarrhythmic therapy unless there is concern that very

frequent arrhythmias are having a negative impact on ventricular function.

Coronary Artery Disease with Depressed LV Function and Nonsustained VT

Nonsustained VT is clearly a risk factor for sustained VT and cardiac arrest in patients

with depressed ventricular function due to coronary artery disease. In the Multicenter

Unsustained Tachycardia Trial (MUSTT) 2202 patients with prior myocardial infarction,

left ventricular ejection fraction less that 40%, and nonsustained VT (23) had

electrophysiology testing. Inducible sustained VT was found in 35%. Inducible patients

were randomized either to a control group who did not receive antiarrhythmic therapy or to

a treatment group. The active treatment group received antiarrhythmic drug therapy

guided by electrophysiologic testing. An ICD was used when arrhythmia could not be

controlled by drugs. The five-year rate of sudden death or resuscitation from cardiac arrest

was 32% for the patients who did not receive antiarrhythmic therapy as compared to 25%

for those assigned to antiarrhythmic therapy. The benefit of treatment was due to ICDs,

which were implanted in 46% of patients in the treatment group. Patients with an ICD had

a 5-year rate of sudden death or cardiac arrest of 9% compared to 37% for patients treated

with antiarrhythmic drugs. While symptomatic heart failure was not required for trial

entry, New York Heart Association Class II or III symptoms were present in 63% of

patients. These data support the use of an ICD in patients with ejection fractions between

30% and 40% with nonsustained ventricular arrhythmias and inducible VT at

electrophysiology study, provided that the severity of heart failure and other comorbidities

do not preclude an ICD.

ANTIARRHYTHMIC DRUGS

Antiarrhythmic drugs must be used cautiously with careful assessment of risk and benefit

in patients with heart failure. The potential for drug toxicity is increased by diminished

hepatic or renal excretion and drug interactions are common. In addition, depressed

ventricular function is associated with a greater risk of drug-induced proarrhythmia, such

as polymorphic VT (e.g., torsade de pointes). Many drugs have negative inotropic effects

that can aggravate heart failure.

Antiarrhythmic Effects of Beta-Adrenergic Blockers

Beta-adrenergic blockers are a first-line therapy for many arrhythmias. These agents have

antiarrhythmic effects and demonstrated efficacy for improving mortality and reducing

sudden death in heart failure (91–93). In addition, beta-adrenergic blockers can help

diminish symptoms of palpitations from premature ventricular contractions (94). Many

ventricular arrhythmias are aggravated by sympathetic stimulation. Beta-adrenergic

blockers are also effective in reducing the frequency of many ventricular arrhythmias and

sudden death in patients with heart failure (95,96). In addition, sympathetic stimulation

can blunt or reverse the electrophysiologic effects of amiodarone and other antiarrhythmic

drugs. A combination of a beta-adrenergic blocker with another antiarrhythmic drug can
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be synergistic. Aggravation of bradyarrhythmias is the major arrhythmia-related

adverse effect.

Class I Sodium Channel Blocking Antiarrhythmic Drugs

The class I antiarrhythmic drugs are largely reserved for control of frequent symptomatic

arrhythmias in patients who have an implantable defibrillator when amiodarone,

dofetilide, or sotalol are less attractive options. Class I sodium channel blocking drugs

(mexiletine, tocainide, procainamide, quinidine, disopyramide, flecainide, and propafe-

none) have negative inotropic effects (with the possible exception of quinidine) (79,97).

Blockade of sodium channels diminishes intracellular sodium and thereby may decrease

intracellular calcium by its effect on the sodium–calcium exchanger (the opposite effect of

digitalis). Quinidine may lack negative inotropic effects because vasodilation and QT

interval prolongation, which allow additional time for calcium to enter during the plateau

phase of the action potential, may offset the negative inotropic effects of the sodium

channel blockade. In addition to a long-term risk of drug-induced systemic lupus

erythematosis, procainamide is metabolized to N-acetylprocainamide (NAPA), which is a

Class III antiarrhythmic drug that has QT prolonging effects of its own and accumulates in

patients with renal insufficiency.

Class I antiarrhythmic drugs also have a potential for proarrhythmia that is likely

aggravated by the electrophysiologic changes of heart failure and hypertrophy (98,99).

These adverse effects of Class I antiarrhythmic drugs likely explain the increases in

mortality observed when these agents were administered to patients with prior myocardial

infarction, to patients with heart failure and atrial fibrillation, and to patients who had been

resuscitated from a cardiac arrest (92,98,100).

Amiodarone

Amiodarone is the major option for chronic antiarrhythmic drug therapy in patients with

heart failure, largely because it is relatively safe from a cardiac standpoint (101–103).

Amiodarone blocks cardiac sodium, potassium, and calcium currents and has

sympatholytic effects. It has activity against both ventricular and supraventricular

arrhythmias. Individual trials have found either benefit or no effect on mortality (101,102).

An early meta-analysis of randomized trials in patients with heart failure concluded that

amiodarone reduced mortality by 17% and reduced sudden death by 23% (104).

Amiodarone therapy was compared to ICD and no antiarrhythmic therapy in 2521 patients

with Class II and III heart failure enrolled in the SCD HeFT. Five-year total mortality was

similar in amiodarone and placebo treated groups and inferior to that of patients who

received an ICD. Interestingly, in the relatively small group with the most severe heart

failure, with Class III symptoms, amiodarone was associated with worse mortality than

placebo (18). Use of amiodarone is therefore reserved for arrhythmias that are

symptomatic or have an adverse effect on heart failure. In the Optimal Pharmacological

Therapy in Implantable Cardioverter Defibrillator Patients (OPTIC) trial, amiodarone was

more effective than sotalol or conventional beta blockade in reducing ICD shocks in a

randomized 3 arm schema. Additionally, amiodarone was less often discontinued than

sotalol in the 18-month study (105).

Ventricular proarrhythmia during initiation of amiodarone therapy is unusual and it

has been initiated in the outpatient setting without an increase in mortality (101,102,104).

Bradyarrhythmias due to potent effects on the sinus and AV nodes are the major cardiac

Management of Ventricular Arrhythmias 193



risk, occurring in 1%–7% of patients in randomized trials, and in up to a third of patients in

some case series (104,106).

In patients with compensated heart failure, oral amiodarone is well tolerated from a

hemodynamic standpoint when administered at a loading dose of 600 to 800 mg daily for

one to two weeks (101–103,106,107) In patients with advanced heart failure,

administration of the loading dose and, in particular, large oral doses (e.g., O1200 mg

daily) can exacerbate heart failure.

Noncardiac toxicities are a major problem. In randomized trials 41% of patients

discontinue therapy by 2 yr due to real or perceived side effects. The true incidence of side

effects is lower, as indicated by the observation that placebo was discontinued in 27% of

patients in these trials (104). However, it is often difficult to distinguish an amiodarone-

induced side effect from symptoms of heart failure. Amiodarone induced pulmonary

toxicity occurs in approximately 1% of patients per year of therapy (108), and chronic

therapy at doses exceeding 300 mg per day increases the risk. A chest radiograph should

be obtained annually. Annual pulmonary function tests are recommended by some

physicians, particularly for those patients taking a daily dose in excess of 300 mg. A

decrease in diffusing capacity can indicate development of pulmonary toxicity (109).

When pulmonary toxicity is suspected, a right heart catheterization to assess the possibility

of pulmonary vascular congestion, and a high resolution chest computed tomography scan

to assess interstitial fibrosis can be helpful in distinguishing pulmonary toxicity from heart

failure (109,110).

Thyroid abnormalities occur in up to 18% of patients (111). Hypothyroidism is

easily managed with thyroid replacement therapy and does not generally warrant

discontinuation of amiodarone. Hyperthyroidism is a much more difficult problem, and

can be refractory to management with antithyroid medications. Because the gland is

saturated with iodine from the amiodarone, thyroid ablation with radioactive iodine is not

possible. Discontinuation of the drug and medical therapy for hyperthyroidism in

consultation with an endocrinologist is often required. Routine thyroid stimulating

hormone (TSH) assay every 6 mo, as well as assessment of hepatic transaminases at those

times for potential liver toxicity, are reasonable.

Additionally, long term use of amiodarone is associated with corneal and cutaneous

deposits which are mainly cosmetic difficulties for the patient. In contrast, optic neuritis

and peripheral neuropathy are also associated with use of amiodarone, and warrant

discontinuation of the drug.

Dofetilide

Dofetilide is a Class III antiarrhythmic drug that is FDA approved for therapy of atrial

fibrillation. It blocks the repolarizing potassium current IKr, increasing action potential

duration and the QT interval. Its major toxicity is proarrhythmia from torsade de pointes,

which occurs in more than 3% of patients (80). It is renally excreted with a plasma half-life

of 9.5 hr. It requires initiation in-hospital with continuous electrocardiographic monitoring

for a minimum of 72 hr to detect the development of QT prolongation and torsade de

pointes. It should not be administered to patients with significant renal insufficiency

(calculated creatinine clearance!20 ml/min). Taking these precautions and avoiding drug

administration to patients with prolonged QT intervals, dofetilide can be administered

safely to patients with heart failure. The Danish Investigations of Arrhythmia and

Mortality on Dofetilide Study (DIAMOND) showed that, in patients with Class III of IV

heart failure, during a median follow-up of 18 mo, there was no difference in mortality

between dofetilide-treated and placebo groups (80). Dofetilide-treated patients were less
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likely to be re-hospitalized for exacerbation of heart failure (30% compared to 38%),

possibly due to a reduction in atrial fibrillation. There is to date minimal data on the

efficacy of dofetilide in controlling ventricular arrhythmias.

Sotalol

Sotalol is a mixture of two stereoisomers. The d isomer has Class III effects similar to

dofetilide, from blockade of the potassium current IKr. The l isomer is a potent

nonselective beta-adrenergic blocker. Sotalol has not been specifically evaluated in heart

failure patients. In survivors of myocardial infarction who have depressed ventricular

function, chronic therapy with the d isomer of sotalol increases mortality (112). Sotalol

causes torsade de pointes with a similar incidence to that of dofetilide, and can aggravate

bradyarrhythmias and heart failure through its beta-blocking effects. Therapy should be

initiated in-hospital during continuous electrocardiographic monitoring. It also has a renal

route of excretion and should be avoided in patients with renal insufficiency. Its

antiarrhythmic efficacy for atrial fibrillation is less than that of amiodarone (113).

Antiarrhythmic Drug Interactions with ICDs

Many patients with ICDs require antiarrhythmic drug therapy to control supraventricular

arrhythmias (most commonly atrial fibrillation and flutter) or reduce episodes of VT. In the

presence of an ICD, the potential for fatal drug-induced proarrhythmia is low. The ICD

will terminate torsade de pointes and provide pacing for bradyarrhythmias. Antiar-

rhythmic drugs can impede effective ICD termination of arrhythmias and should be

used cautiously.

Some antiarrhythmic drugs can increase the energy required for defibrillation. At the

time of ICD implantation, defibrillation testing is performed by inducing ventricular

fibrillation and observing that an ICD shock will terminate fibrillation. Most ICDs are

capable of providing a 31 to 42 J shock. A 10 J safety margin is recommended and

confirmed by demonstrating that ventricular fibrillation is terminated by a shock 10 J

below the maximum energy available from the ICD. Amiodarone and sodium channel

blockers typically increase the energy required for defibrillation. If the defibrillation

threshold is close to the maximal energy of the ICD, antiarrhythmic drug therapy may

increase it such that maximal energy shocks from the ICD are no longer effective. Class III

antiarrhythmic drugs that block potassium channels, such as sotalol and dofetilide, may

decrease the defibrillation threshold. In general, repeat defibrillation testing is warranted

when chronic therapy with an antiarrhythmic drug is administered, with the possible

exceptions of beta-blockers, sotalol, and dofetilide.

SUMMARY AND CONCLUSIONS

Ventricular arrhythmias are common in patients with heart failure, either as a consequence

of exacerbation of underlying disease or as the primary culprit leading to decompensation.

Underlying etiologic factors influence prognosis as well as appropriate aggressiveness of

therapy. A collaborative effort between patient, heart failure physician, and electro-

physiologist is essential in managing the underlying disease, selecting antiarrhythmic

medication, implanting defibrillators, and employing catheter ablation for optimal

management of these tachycardias.
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INTRODUCTION

Acute heart failure can be defined as the sudden onset of heart failure in a patient that

has never had a diagnosis of cardiac disease in the past or as an acute exacerbation

of symptoms in someone who has chronic heart failure resulting in a hospitalization or

a change in therapy. For the purposes of this chapter, “acute heart failure” will refer to

exacerbations of heart failure in patients who already have chronic heart failure defined by

symptomatic systolic dysfunction.

The incidence and prevalence of heart failure is increasing and subsequently there

are more admissions for heart failure. From 1970 to 2002, the number of heart failure

discharges has increased from less then 200,000 per year to almost 1,000,000 (1). This is in

part related to the aging of the population, but also related to the improved survival after

acute myocardial infarction. This increase in hospitalization rate has resulted in a huge

increase in the cost of heart failure care in America. It is estimated that over 25.3 billion

dollars will be spent on heart failure care in the United States in 2005 (1).

CLINICAL CONTEXT

There are three recently published studies that describe the current status of patients with

acute heart failure (2–4). The Outcomes of a Prospective Trial of Intravenous Milrinone for

Exacerbations of Chronic Heart Failure (OPTIME-CHF) trial randomized 951 patients

admitted with an acute exacerbation of chronic heart failure to intravenous milrinone or

placebo (2). As shown in Table 1, the mean age of these patients was 65 and their average

ejection fraction was 23%. This is quite similar to the patients studied in the Vasodilation in

the Management of Acute Chronic Heart Failure (VMAC) trial (3). This trial randomized

489 patients to nesiritide, nitroglycerin, or placebo. The mean age was 62 and the ejection

fraction was 27%. In contrast, the Acute Decompensated Heart Failure National Registry

(ADHERE) registry of patients admitted with heart failure but not enrolled in a clinic trial,

reveals some interesting trends about the overall picture of patients being hospitalized

with heart failure (4). Of 105,388 patients that had been enrolled in the registry since 2001,
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the mean age was 72.4 yr and 52% were women. This is a much older age group than has

been studied in the clinical trials of angiotensin converting enzyme (ACE) inhibitors

and beta-blockers where the average age was between 58 and 64 yr and the ejection

fraction higher (34.4%) (5–11).

Despite differences in the age and ejection fraction of these patients (Table 1) the

risk factors for heart failure are quite similar between the populations. Over half of the

patients have a history of coronary artery disease and almost three quarters have a history

of hypertension. Somewhat surprisingly, despite the proven benefits of ACE inhibitors and

beta blockers on symptoms and survival, the use of these drugs was not optimal. In the

OPTIME and VMAC trials, conducted at academic medical centers the use of ACE

inhibitors and angiotensin receptor blockers (ARB) was 70%–80%. This contrasts to the

ADHERE registry where just over half of the patients were on these medications.

Similarly, the use of beta blockers was less than 50% in the ADHERE registry.

Unfortunately, the use of these agents did not improve after being hospitalized. Only

66.1% of the patients felt eligible to receive an ACE inhibitor were discharged on one (4).

Being admitted to a hospital is a poor prognostic sign for patients with heart failure.

The OPTIME-CHF trial demonstrated an incidence of death of 10% and death or

readmission of 35% within 2 mo (2). Similarly, in the VMAC trial 20%–23% of the patients

were readmitted within 30 days and the 6-month mortality was 20.8% for nitroglycerin

and 25.1% for nesiritide (3). The current outcomes and prognosis for patients hospitalized

with acute heart failure are quite poor and additional studies and novel therapies need

to be studied. Additionally, the therapies that are beneficial need to be implemented

Table 1 Comparison of Patients Admitted with Acute Heart Failure

OPTIMEa VMACa ADHERE

Age (yrs) 66 62 72

Male sex (%) 68 60 48

Race

White (%) 67 58 72

Black (%) 32 24 20

NYHA class

II (%) 7 5 20

III (%) 45 42 44

IV (%) 48 45 32

Medical history

Hypertension (%) 68 74 73

Myocardial infarction (%) 48 49 31

Atrial fibrillation (%) 30 34 31

Diabetes (%) 45 53 44

Physical findings

SBP (mmHg) 120 121 144

Heart rate (bpm) 84 N/A N/A

Baseline medications

ACE inhibitor (%) 71 60 41

Angiotensin receptor blocker (%) 13 9 12

Beta blocker (%) 22 35 48

Diuretic (%) 90 87 70

Digoxin (%) 71 60 28

aPlacebo arm for OPTIME and VMAC.
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in a standardized and routine fashion. This chapter will focus on the assessment and

therapy for patients admitted to the hospital with an acute exacerbation of their chronic

heart failure.

ASSESSMENT

Acute heart failure is a clinical syndrome involving multiple potential etiologies and

clinical manifestations. Some patients may have an ischemic etiology and present with

symptoms of dyspnea because of ongoing myocardial ischemia. Others may have eaten a

high salt diet and have dyspnea due to fluid retention and volume overload. Finally, others

may have progressively worsening cardiac function and present with dyspnea related to

poor tissue perfusion from a low cardiac output. Prior to initiating therapy, it is important

to differentiate between the many different potential etiologies resulting in admission and

appropriately direct therapies based on these causes. Table 2 lists many of the potential

exacerbating factors that contribute to an admission with acute heart failure (12).

Table 2 Cause and Precipitating Factors in Acute Heart Failure

Progression of pre-existing heart failure

Acute coronary syndromes

Myocardial infarction/unstable angina

Mechanical complication of acute myocardial infarction

Right ventricular infarction

Hypertensive crisis or urgency

Acute arrhythmia (ventricular tachycardia, atrial fibrillation or flutter, other supraventricular

tachycardias)

Valvular regurgitation (acute or progression of chronic)

Severe aortic valve stenosis

Acute myocarditis

Cardiac tamponade

Aortic dissection

Noncardiovascular

Lack of compliance with diet or medical therapy

Volume overload

Infections

Severe brain insult

After major surgery

Reduction in renal function

Asthma

Drug abuse

Alcohol abuse

Pheochromocytoma

High output syndromes

Septicemia

Hyperthyroidism

Anemia

Shunt syndromes

Paget’s disease

Source: From Ref. 12.
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The treatment of someone with a hypertensive crisis will be much different than someone

who presents with a low output syndrome.

In addition to thinking about the potential etiology, one must direct therapy based on

the clinical manifestations that each patient presents. As first described by Forrester for

patients with acute heart failure in the setting of acute myocardial infarction, dividing

patients into four groups according to their tissue perfusion and volume status can be very

helpful when deciding on therapy (13). Nohria et al. have further refined this system into

four heart failure profiles (Fig. 1) (14). For a patient that presents with signs of congestion

(history of orthopnea and/or paroxysmal nocturnal dyspnea, jugular venous distention,

rales, hepatojugular reflux, ascites, peripheral edema), treatment with diuretics should be

initiated. Conversely, signs of decreased perfusion (symptomatic hypotension, cold

extremities, narrow pulse pressure, and worsening renal function) should be treated with

vasodilators or inotropic agents.

Clinical Evaluation and Exam

Similar to other diseases, the evaluation begins with taking a complete history. This should

be directed at determining potential exacerbating factors that have contributed to the acute

decompensation (Table 2), the severity of the exacerbation, and the time course of the

exacerbation (acute versus sub acute). Table 3 outlines parts of the history that should be

focused on.

Some general questions can be quite helpful in determining the time course and

potential etiologies of the exacerbation. Patients who have had a progressive decline over a

few weeks to months will often have a slow progression of their heart failure and although

need to be treated acutely, may also have a very different prognosis in the short and long

term than the patient who had an episode of noncompliance and acute volume overload

(see Section on Risk Stratifying). If the patient has gained weight, has that been a slow

progression over two weeks or over two days? Similarly, the symptoms of increased

weakness and fatigue can be quite informative. Daily activity is also a helpful marker of

both the time course and the severity of the exacerbation. Has there been a marked

reduction in activity for some time or was the patient active until a few days before

admission? Finally, a history of dietary non-compliance, both for salt and volume intake

should be obtained.

CONGESTION

-- ++

P
E

R
F

U
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IO
N

--

++ Dry-warm Wet-warm

Dry-cold Wet-cold

Figure 1 Diagram for assessing acute heart failure. Patients will usually present with evidence of

poor (cold) or normal (warm) perfusion and evidence of volume overload (wet) or euvolemia (dry).

Source: Adapted from Refs. 13 and 14.
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The cardiac history is also quite helpful. Although dyspnea is one of the primary

signs of heart failure, many patients with chronic heart failure will preferentially complain

of fatigue. The severity of dyspnea, with and without exertion, can be helpful in following

therapy outcomes. Orthopnea is a very helpful symptom for discerning heart failure

exacerbations. Rarely do patients like to sleep on more than 2 pillows and the progression

from their normal pillow count to sleeping on a wedge or sleeping in a recliner is quite

instructive for the time course of the exacerbation. Similarly, when evaluating the patient

in the hospital, the angle that they slept at the night before can be quite helpful in

determining the adequacy of the diuresis. Once patients are sleeping flat or nearly flat in

bed they are usually ready for discharge. Symptoms of coronary ischemia may be quite

different and a broad range of questions to rule out ischemia as a potential exacerbating

factor must be performed.

Cough is often associated with symptoms of volume overload and may be associated

with pulmonary infections, which can cause heart failure exacerbations. Be careful to

exclude infections before attributing all coughs and dyspnea to volume overload.

Gastrointestinal symptoms of heart failure are quite vague but can be telling.

Patients with nausea and anorexia often have low output syndromes and are not perfusing

Table 3 Clinical History in Acute Heart Failure

General

Weight change

Signs of infection (fever, chill, productive cough)

Weakness

Fatigue

Dietary non-compliance

Activity

Cardiac

Dyspnea

Orthopnea

Paroxysmal nocturnal dyspnea

Orthostatic symptoms

Chest pain

Palpitations

Pulmonary

Dyspnea

Cough

Hemoptysis

Gastrointestinal

Nausea

Vomiting

Abdominal pain

Anorexia

Renal

Nocturia

Oliguria

Periphery

Edema

Cool extremities

Neurologic

Mental status
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their abdominal organs adequately. Conversely, acute volume overload can be associated

with abdominal edema, like peripheral edema and can cause similar symptoms. Hepatic

congestion may cause right upper quadrant pain and contribute to early satiety. Although

never quantitated, in my experience gastrointestinal symptoms are more frequent in

New York Heart Association (NYHA) functional class IV patients and appear to be a sign

of worse disease.

Peripheral edema is one of the hallmarks of volume overload. In addition to the

extremities, an increase in abdominal girth should also be evaluated.

The physical exam is the second important part of the assessment of patients with

acute heart failure and helps to focus on potential therapies as well as the severity of the

disease process. The exam should focus on the signs of volume overload, low cardiac output,

and assess potential causes of deterioration (mitral regurgitation, thyroid disease, etc.). The

reader is referred to textbooks on Physical Exam for the details on how to perform these

maneuvers; this chapter will focus on the findings and how they relate to acute heart failure

(15). As outlined in Table 4, although cardiac centered many other organ systems need to be

closely evaluated during this exam. The vital signs should be used for the acute care of the

patient, but one should also use them to evaluate the overall status of the patient. A low grade

elevated temperature (!388C) can occur in severe heart failure, but one must always

search for other potential infections that may have caused the exacerbation. The blood

pressure should be measured and if low, orthostatics should be performed. Many patients

with heart failure will have systolic blood pressures below 100 mmHg, so determining the

usual pressure is important before becoming concerned about hypotension. The pulse rate is

probably the most important vital sign. Tachycardia can be secondary to thyroid

abnormalities or anemia, but also is a sign of more severe heart failure. Arrhythmias,

either atrial or ventricular, can be an exacerbating cause of heart failure. Finally, pulsus

Table 4 Physical Examination in Acute Heart Failure

Vital signs

Temperature

Blood pressure (orthostasis)

Heart rate (rate and pulse quality)

Respiratory rate (Cheyne-Stokes pattern)

Pulmonary

Rales

Wheezes

Dullness to percussion

Cardiac

Point of maximal impulse

Right ventricular heave

Jugular venous distention

S3 or S4

Loud P2

Murmurs

Abdominal

Hepatomegaly

Splenomegaly

Ascites

Periphery

Edema (including sacral)

Mental status
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alternans, the alternating of strong and weak pulsations, is associated with severe heart

failure (16,17). The respiratory rate helps to assess volume overload as tachypneic patients

often have more fluid. Cheyne-Stokes respiration patterns are also associated with severe

heart failure and may be evident even while awake. The presence of sleep apnea and a higher

apnea/hypopnea index (the number of apneas and hypopneas per hour) have been associated

with reduced maximal oxygen consumption and increased mortality (18,19). However,

Cheyne-Stokes respirations have also been shown to increase in elderly patients and appear

to be weakly associated with severity of illness in those over the age of 70 (20). Many times

it can be helpful to ask the partner or hospital roommate about sleeping patterns since they

are often awakened by the abnormal breathing pattern.

The pulmonary exam can be helpful to distinguish between a predominance of right-

sided and left-sided heart failure. Auscultation of rales in the lungs is frequently heard in

patients with acute heart failure. However, in patients with chronic heart failure who have

developed compensatory mechanisms of pulmonary hypertension and improved lymphatic

drainage, one many not hear rales even in the setting of high left sided filling pressures.

Wheezes are often heard due to bronchial edema, usually in patients that are more acute and

haven’t had years to develop compensatory mechanisms. Pleural effusions can also occur

in heart failure and percussion of the bases should always be performed.

There are many components to the cardiac exam which can be helpful. Palpation of

the PMI provides an assessment of heart size and the chronicity of heart failure. Severe

dilatation of the left ventricle does not happen acutely. If the patient has a normal size

heart, one should think about different processes than in the massively dilated ventricle. A

right ventricular heave is associated with increased pressure or volume overload and

increased pulmonary pressures, which occur once the body has adapted to high filling

pressures for some time. To judge the effects of therapy, the jugular venous pulsation is

one of the most important physical exam findings. A normal jugular pulse should be less

than 4 cm above the sternal angle. The jugular venous pulse has been shown to correlate

with the pulmonary artery pressure by right heart catheterization and is a good surrogate

for measuring left-sided filling pressures in most patients (21). Spending additional time

and properly positioning the patient is important to determine the height of the venous

pressure. Occasionally, the venous pulsation is high and even when the patient is sitting

upright the peak cannot be found. With diuresis and time the pulse will then become

visible. The presence of an S3 may be heard as part of the normal exam in children, but in

adults is usually considered to be pathologic. When judging the effects of therapy, the

intensity of S3 has been shown to correlate with the pulmonary capillary wedge pressure

(22). This will not be helpful on the day of admission, but similar to the jugular venous

pulse, can be used to follow the effectiveness of therapy as it may become softer with

diuresis. The intensity of the pulmonic component of the second heart sound has been

shown to correlate with the pulmonary systolic pressure (23). This is often heard over the

left upper sternal border, but when the P2 is heard at the lower sternal border or the apex it

is associated with elevated pressures, usually over 50 mmHg. Finally, one should listen

carefully for murmurs. With heart failure and dilation of the left and right ventricles,

tricuspid and mitral regurgitation can become quite prominent. With diuresis and

reduction in ventricular size, these murmurs can diminish or disappear.

The abdominal exam is important to assess signs of volume overload. An enlarged

liver or spleen is often associated with severe right-sided failure and can be used to assess

the severity of heart failure. The presence of ascites secondary to elevated hepatic

pressures yields similar information. Perhaps one of the most misunderstood parts of the

abdominal exam is the hepatojugular reflex. A positive hepatojugular reflex is usually

observed in states of low cardiac output. However, it can also be observed in constrictive
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pericarditis, pericardial tamponade, tricuspid insufficiency, and inferior vena caval

obstruction (24,25).

Peripheral edema is quite common in heart failure and implies that there is some

component of right-sided failure and volume overload. The extent of edema (thighs, genital,

sacral) is important to evaluate when assessing adequacy of diuresis. One should be aware

that patients may always have some peripheral edema due to venous insufficiency, but with

the exception of other etiologies of total body edema (nephrotic syndrome, hypoalbumi-

nemia, protein losing enteropathy, renal disease, venous obstruction, liver disease), edema

in the thighs or over the sacrum would not result from venous disease alone.

STUDIES

A variety of laboratory studies and other testing should be performed in patients admitted

with acute heart failure as outlined in Table 5 (26). These studies will aid in the diagnosis

of potential exacerbating factors as well as in the therapy of the patient. Many of the

laboratory tests are helpful for diagnosing factors that may have exacerbated the patient’s

chronic heart failure. Evidence of infection, anemia, renal dysfunction, hyperthyroidism,

uncontrolled diabetes, and increased ischemia should all be ruled out. The severity of heart

failure can be further elucidated by signs of volume overload [elevated liver function tests,

low albumin, hyponatremia, brain natriuretic peptide (BNP)] (27–34). Finally, serum

sodium and creatinine have both been shown to be independent prognostic risk factors for

poor outcomes in patients with heart failure (27–29,35,36).

The laboratory studies are also important in the day-to-day care of the patients. Both

potassium and magnesium are depleted with most diuretic therapies and need to be

followed closely since low levels are associated with arrhythmias. Serum creatinine can

sometimes by used to assess the adequacy of diuresis. Once the creatinine starts to rise, the

patients are sufficiently diuresed and ready for discharge. One caveat to that general rule is

Table 5 Diagnostic Testing

Laboratory

Complete blood counta

Urinalysisa

Serum sodium, potassium, BUN, creatinine, glucose, magnesium, calcium, albumin,

phosphorusa

Liver function tests

Prothrombin time

Consider

Brain natriuretic peptide or pro-brain natriuretic peptide

Thyroid-stimulating hormone (in patients with atrial fibrillation or unexplained heart failure)a

Creatinine kinase and troponin (if history of ischemia or chest pain)

EKGa

Chest X-raya

Echocardiograma

Consider

Right heart catheterization (to assess volume status and cardiac output)

Left heart catheterization (to assess for coronary artery disease if not performed previously)a

aThese studies are recommended as Class I indications by the American College of Cardiology/American Heart

Association Heart Failure Practice Guidelines (29).
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in patients with baseline renal insufficiency or low cardiac output may have a quick rise in

serum creatinine long before they are euvolemic.

The measurement of BNP levels is a recent advancement in the management of heart

failure. In the Emergency Room, BNP levels have been used to evaluate the potential

etiologies of dyspnea. In the Breathing Not Properly study, a cutoff of 100 pg/ml gave

a diagnostic accuracy of 83% in distinguishing patients with heart failure from those with

non-cardiac causes of dyspnea (37). For patients with a level above 500 pg/ml, heart failure

is the most probable cause of their dyspnea. Despite the increases in BNP seen in patients

with heart failure, the use of serial measurements of BNP in hospitalized patients to guide

therapy has not been shown to be helpful. In fact, in a small study there was no correlation

between a reduction in pulmonary capillary wedge pressure and BNP levels (38). One

caveat to the use of BNP levels is that older age, female gender, and renal dysfunction can

all be associated with increased levels (38–40). Conversely, obesity is associated with

lower levels (41). At this time, BNP testing is emerging as a useful tool in the treatment of

patients with heart failure, but more research needs to be performed to help ascertain the

true value of this test. One should use a BNP level in conjunction with the overall clinical

situation and not use an isolated level to guide therapy.

The electrocardiogram should be a normal part of the evaluation of every patient

admitted with acute heart failure. It is essential for the assessment of acute coronary

syndromes. Additionally, other potential causes of a heart failure exacerbation, including

atrial and ventricular arrhythmias and myocarditis, can be detected. The electrocardiogram

can also help to determine the severity of disease. Left and right atrial enlargement are

signs of more chronic disease.

Echocardiography is almost mandatory in patients admitted with new onset heart

failure. Determination of left and right ventricular function and size, wall motion

abnormalities, valvular structure and function, as well as ventricular relaxation are all

variables that should be obtained. Additionally, the estimate of pulmonary artery pressure

from the tricuspid regurgitation jet provides a reliable estimate of left-sided filling

pressures (42). In patients with chronic heart failure and a known reduction in ejection

fraction that are admitted, obtaining an echocardiogram can still be quite helpful.

Knowledge of ventricular size, further reductions in function, or worsening valvular

abnormalities may alter therapy. The use of Doppler estimates of pulmonary pressure to

follow the effectiveness of therapy has not been studied. Both the American College of

Cardiology/American Heart Association and the European Society of Cardiology heart

failure guidelines have a Class I recommendation for obtaining echocardiograms (12,26).

Coronary angiography is useful when clinically indicated for patients with acute

coronary syndromes, but should not be routinely performed in patients admitted with heart

failure. Conversely, right heart catheterization can be used to evaluate both the severity of

the volume overload and the cardiac output when initiating therapy and when following

the effects of therapy. The use of a right heart cath to guide therapy has proven to be useful

in non-randomized studies. Fonarow et al. admitted 214 patients and used right heart

catheter guided therapy to increase vasodilators and diuretics (43). They reduced hospital

readmissions and improved functional status as measured by peak oxygen consumption.

The percentage of patients on ACE inhibitors and other vasodilators at the time of

discharge was also increased.

Support for the use of routine right heart catheterizations (RHC) was tempered by the

SUPPORT study, which evaluated the use of a RHC for the routine care of patients who

were critically ill (44). They found that patients who received RHC guided care had an

increase in 30-day mortality. A subgroup analysis found that when used for patients with

heart failure there was no change in mortality and therefore the National Institutes of Health
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sponsored another trial to evaluate the effectiveness of RHC guided therapy in patients

admitted with acute heart failure. The results of this study have not yet been published

but were presented at the American Heart Association 2004 Annual Scientific Session (45).

The investigators found no difference in the primary end-point, days alive out of the hospital

in 6 mo. Additionally, there was no difference in the secondary endpoints of survival or

number of days hospitalized.

At this time, routine use of a right heart catheter to guide therapy in patients admitted

with acutely decompensated heart failure is not indicated. At our institution, RHC are still

performed but often the catheter is removed after the pressures and cardiac output have

been measured instead of left in. This reduces the chance of infection or other catheter

related complications yet still provides useful data. When done in patients who are close to

discharge, we are often surprised to find that the pressures are still quite elevated even

when the patients are symptomatically at baseline. Further diuresis is then performed in

the hope that this will decrease hospital readmissions and improve quality of life.

Additionally, RHC is still helpful for patients who are failing the usual medical therapy

with hypotension and worsening renal function.

THERAPY

The goals of therapy during a hospitalization are to improve symptoms and stabilize the

patient for long-term improvements in outcome. In patients with volume overload, this is

often accomplished with aggressive diuresis. Other patients that present with low output

symptoms may require changes in their vasodilators to improve their output. The long-

term focus during a hospitalization should be on improving outcomes. This includes

initiating therapies that have been shown to improve morbidity and mortality as well as

using the opportunity to teach about diet and fluid management and improve compliance.

Since there are individual chapters devoted to the major groups of medicines used

for the treatment of heart failure, this chapter will focus on the use of these agents in the

acute, hospitalized setting.

Oxygen

Oxygen should be given to maintain an adequate oxygenation in order to prevent end

organ dysfunction. A goal oxygen saturation of O94% is necessary to maintain tissue

saturation. There are no data that the routine use of oxygen in patients that are not hypoxic

is beneficial and therefore oxygen should not routinely be administered in all patients.

One can also use oxygen and oxygen saturations to monitor the effectiveness of therapy.

As fluid is removed from the lungs, oxygen saturations will improve and the oxygen can be

weaned. Patients that continue to have an oxygen requirement and don’t have other

reasons for hypoxia probably need continued diuresis.

Angiotensin-Converting Enzyme Inhibitors

There is overwhelming evidence supporting the use of ACE inhibitors in patients with heart

failure; however, these agents have never been studied in patients who are acutely

decompensated (5–7,46). The mechanism of ACE inhibitors in theory should be quite

beneficial to patients in acute heart failure. ACE inhibitors decrease renal vascular
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resistance and therefore improve renal blood flow and subsequent sodium and water

excretion. Additionally, pulmonary and systemic vasodilation will reduce afterload and

improve forward flow. In general, if the patient has already been on an ACE inhibitor when

admitted to the hospital they can usually stay on it. There are some situations when the dose

should be either reduced or the drug should be stopped, however, including patients who are

hypotensive or have worsening renal function. Since ACE inhibitors preferentially dilate

the efferent over the afferent glomerular arteriole, this can lead to a reduction in glomerular

pressure and a reduction in glomerular filtration rate which may further exacerbate poor

renal function.

Once the patient is stabilized, the ACE inhibitor should be restarted and up-titrated as

tolerated by the blood pressure. When initiating an ACE inhibitor in a patient with marginal

blood pressure or renal function, it is reasonable to start with a low dose of a short-acting

agent such as captopril. If the patient tolerates this low dose, the dose can then be uptitrated

and the agent can be switched to a longer acting, once-a-day agent for patient convenience.

Studies have shown that aggressive vasodilation with ACE inhibitors prior to discharge in

the setting of adequate diuresis leads to a significant reduction in rehospitalizations (43).

Beta-Blockers

Similar to ACE inhibitors, there are no data on the impact of beta blockers on patients

admitted with an acute exacerbation of their chronic heart failure. Some advocate

withdrawing the drug, others reduce the dose, and still others continue at the same dose if it

appears that the patient has volume overload without evidence of poor perfusion.

A retrospective analysis of the OPTIME-CHF trial looked at outcomes of patients who

were on beta blockers at the time of admission compared to those not on a beta blocker.

They further looked at the outcomes in patients who had their beta blocker withdrawn

during the hospitalization (47). There was no difference in outcomes between the patients

who were either on or not on a beta blocker at the time of admission. However, despite

having very similar background characteristics, patients who had their beta blocker

withdrawn during the hospitalization had a higher 60-day mortality rate, especially if they

were treated with milrinone. While this is a retrospective analysis of a small population of

patients, the routine practice of withdrawing beta blockers from patients at the time of

admission does not seem warranted.

For patients not on beta blockers at the time of admission, the hospitalization

should be utilized to initiate these agents prior to discharge. Despite the evidence that

beta blockers have long term benefits, all of the large randomized clinical trials enrolled

patients that were stable as outpatients (8–11). Based on these trials, the most recent

guidelines of the Heart Failure Society of America state that in general beta blockers

should not be routinely initiated during a hospitalization (48). Recently, the results of

the Initiation Management Predischarge: Process for Assessment of Carvedilol Therapy

in Heart Failure (IMPACT-HF) trial were presented (49). This was an open label

randomized study of pre hospital discharge versus 2 wk post discharge initiation of the

beta blocker carvedilol. The end-point was the number of patients treated with a beta

blocker at 60 days. They found that 91.2% of the patients initiated pre discharge versus

73.4% of those initiated post-discharge were on a beta blocker at 60 days. Additionally,

initiation prior to discharge was not associated with an increase in adverse events nor

did it lengthen the hospital stay. Based on these data, once patients are euvolemic it is

reasonable to initiate low-dose therapy with a beta blocker prior to discharge in patients

that have not been on a beta blocker previously. For those patients that were on a beta
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blocker at the time of admission, unless the patient shows signs of poor end organ

perfusion requiring inotropes the drug should be continued throughout the

hospitalization.

Diuretics

Diuretic therapy is the mainstay of the therapy for acute heart failure secondary to volume

overload. Within 15 min, furosemide administered intravenously causes venodilation and

subsequent reduction in preload of both the left and right ventricles (50). Within 30 min, it

acts on the kidney to inhibit sodium and water resorption resulting in diuresis. This quick

acting agent provides symptomatic benefit for the patient with volume overload.

There are a few issues to consider when using diuretics. It is important to monitor for

hypotension, electrolyte abnormalities, and renal function while administering diuretics.

Hypotension may actually cause reduced flow to the kidney, worsening renal function and

decreased diuresis. Diuretic induced hypokalemia and hypomagnesemia are both

associated with ventricular arrhythmias. Finally, worsening renal function may be a sign

of overdiuresis or poor cardiac output, necessititating the use of other agents to improve

cardiac output. Additionally, worsening renal function has been shown to be an

independent marker of a worse prognosis (35,36).

The use of diuretics induces activation of the neurohormonal system, especially the

rennin-angiotensin and the sympathetic nervous system. Long-term activation of these

systems has been shown to be detrimental. In both the Studies of Left Ventricular

Dysfunction (SOLVD) and the Vasodilator-Heart Failure Trial II (V-HeFT II) trials,

investigators have demonstrated that plasma levels of norepinephrine, renin, ANP, and

AVP are elevated in patients with left ventricular dysfunction when compared with

healthy control individuals (51,52). Furthermore, as NYHA functional class worsens, the

levels of these neurohormones are increased. It is important to judiciously use diuretics to

avoid this upregulation if possible.

No clinical trials have studied the efficacy of one diuretic versus another in patients

with acute heart failure. In general, one must use a loop diuretic in a high enough dose of the

diuretic to initiate and maintain a diuresis. In patients that are receiving high doses of a loop

diuretic, the addition of a synergistic agent such as a thiazide that acts on the distal loop may

be quite beneficial to assist with adequate diuresis (53–55). There is one study comparing

intermittent bolus doses of intravenous furosemide with a continuous infusion (56).

Patients receiving high doses of oral furosemide (O250 mg) were randomized to receive

that dose by either continuous infusion or intravenous bolus. Patients receiving furosemide

by continuous infusion had a greater urine output and a reduced incidence of adverse

side effects.

Vasodilators

For patients that have congestion and adequate blood pressure, vasodilators can be quite

helpful be reducing either preload or afterload in patients admitted with acute heart failure.

Nitroglycerin improves the symptoms of heart failure by reducing pressures through direct

pulmonary venodilation. Nitrates have been shown to reduce pulmonary capillary wedge

pressure and systemic vascular resistance in patients admitted with acute heart failure (57).

Additionally, patients receiving intravenous nitroglycerin reported an improvement in

dyspnea and their overall sense of well being. One concern about the use of nitroglycerin is

that patients develop tolerance to the drug over time and need to have the dose increased.

For patients that are acutely diuresing and only require nitroglycerin for a couple of days,
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this may not be an issue. One study has examined the effects of high versus low doses of

nitroglycerin. Cotter et al. randomized patients to either high nitroglycerin and low dose

furosemide or low dose nitroglycerin and high dose furosemide (58). The group receiving

high dose nitroglycerin had a decreased incidence of the end-point of mechanical

ventilation arguing that increasing vasodilator doses may be more effective than

increasing doses of diuretics for the treatment of refractory heart failure.

Nitroprusside is a mixed arterial and venodilator that reduces both preload and

afterload. It can be useful for patients with hypertension and acute heart failure.

Nitroprusside has not been studied in the treatment of patients with acute heart failure.

In patients with acute myocardial infarction is has been shown to worsen mortality (59).

Coronary blood flow may be shunted away from vessels with high-grade stenosis that

cannot dilate and cause further ischemia in those territories (50). Although this is a different

patient population, one should use caution with this agent in patients with a history of

coronary artery disease. Nitroprusside should also be used cautiously due to the toxic effects

of its metabolites, thiocyanide and cyanide, especially in patients with renal or hepatic

insufficiency. In general, with the exception of patients with severe hypertension, other

agents should be used for first-line vasodilator therapy.

The newest vasodilator is nesiritide, a recombinant human natriuretic peptide that

activates guanylyl cyclase and increases intracellular cGMP levels. B-type natriuretic

peptide (BNP) is the only neurohormone that is thought to be beneficial when upregulated

in end stage heart failure. Endogenous BNP is stimulated to be released by stretching of

the ventricles and acts as both an arterial and venodilator. This agent has been studied for

use in acute heart failure. When initially compared to placebo, the use of nesiritide was

associated with a 6 to 9.6 mmHg decrease in pulmonary capillary wedge pressure as well

as improvements in clinical status, reduced dyspnea, and reduced fatigue (60). It was also

compared to the usual intravenous agents used to treat acute heart failure including

dobutamine (57% of patients), milrinone (19%), nitroglycerin (18%), dopamine (6%), and

amrinone (1%). There were no significant differences in the clinical end-points of dyspnea

or fatigue although the nesiritide group was associated with fewer intravenous diuretics

being given (60).

The VMAC study compared nesiritide to nitroglycerin or placebo for three hours

after which the placebo patients were randomized to nitroglycerin or nesiritide (57). There

was a significant reduction in the pulmonary capillary wedge pressure in the nesiritide

group compared to the nitroglycerin group at 3 hr, there was a significant reduction in the

pulmonary capillary wedge pressure in the nesiritide group compared to the nitroglycerin

group. Both were reduced compared to placebo. This reduction was sustained over 24 hr

although the absolute difference between the two groups was only 1.9 mmHg. By 36 and

48 hr, there was no longer any statistical difference between the two groups. The

investigators also assessed dyspnea and global clinical status of the patients. Despite

demonstrating a reduction in pulmonary capillary wedge pressure, there were no

significant differences in dyspnea or global clinical status at 24 hr when compared

to nitroglycerin.

Nesiritide has also been compared to other vasoactive agents commonly used in

patients admitted with acute, symptomatic, decompensated heart failure in an open label

fashion (61). The predominant agent used in the control arm was dobutamine and all

comparisons were made between the patients that received dobutamine and two doses of

nesiritide. Dose changes, vasoactive agent changes, and the length of therapy were all left

to the discretion of the investigator. The baseline characteristics of the patients were

similar although the dobutamine group had more patients with an ischemic etiology and

the high dose nesiritide patients had an increased prevalence of patients with a history of
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sudden death. The authors found that the median duration of drug infusion was less with

nesiritide compared to dobutamine although this did not result in a difference in length of

hospitalization. The readmission rate for heart failure trended towards a benefit with

nesiritide although this did not reach statistical significance (pZ0.081). However,

compared with dobutamine the 6-mo mortality rate was reduced with the low dose

(0.015 mg/kg/min) of nesiritide.

Based on the results of these two trials, nesiritide was approved for use in

patients with acute, decompensated heart failure. Despite only being demonstrated to be

a vasodilator in clinical trials, many now, perhaps incorrectly, use nesiritide as a first-

line diuretic. Wang et al. recently demonstrated that this might not be the correct use

for the drug (62). In a small trial of 15 patients hospitalized for heart failure with mild

renal insufficiency (baseline creatinine of 1.8 mg/dL), a double-blind, placebo-

controlled, crossover study randomized subjects to receive either placebo or nesiritide

for 24 hr on consecutive days. There was no difference in glomerular filtration rate,

renal plasma flow, urine output, or sodium excretion between the two agents. Sackner-

Bernstein et al. have also recently published two manuscripts using data from the Food

and Drug Administration website that suggest that nesiritide may be associated with a

higher risk of death and worsening renal function compared to vasodilators and

diuretics (63,64). This analysis was limited by lack of full access to data and no

information on agents used after termination of the study drug. This assessment does

give one caution when considering other agents such as vesnarinone and flosequinan

that were initially promising and turned out to be detrimental (65–68). Further

randomized studies comparing nesiritide to usual care should be performed to

demonstrate its benefit as a diuretic and to assess its effect on morbidity and mortality

(2). Until available, nesiritide use should be restricted to patients that have been

studied, those admitted with acutely decompensated heart failure who would potentially

benefit from a vasodilator therapy.

Inotropes

Improving contractility as a goal in the treatment of heart failure has been sought since

1785 when Withering published “An account of the foxglove and some of its medical

uses, with practical remarks on dropsy and other diseases.” Over 200 yr later, digoxin is

still the most commonly used agent of this class of drugs. In addition to its reported

clinical benefits, in the early 1920’s Wiggers and Stimson showed that digitalis

compounds increase ventricular pressure generation in the setting of a constant heart rate

and afterload in both normal and failing hearts (69). Recently, based on the results of

randomized trials digoxin has fallen out of favor as a therapy for patients with acute heart

failure. The Randomized Assessment of Digoxin on Inhibitors of the Angiotensin-

Converting Enzyme (RADIANCE) study and the PROVED study both helped to define

digoxin’s role in current practice. PROVED (nZ88) and RADIANCE (nZ178) were

multi-center, double blind, randomized placebo-controlled trials with similar patient

populations (70,71). In both trials, patients already on digoxin were randomized to

continue digoxin therapy or placebo. The RADIANCE trial showed an increase in the

relative risk (RRZ5.9; 95% CI 2.1–17.2) of worsening heart failure in the group

receiving placebo compared to those continuing digoxin (70). Placebo treated patients

also had a deterioration in all measures of functional capacity (maximal exercise

tolerance, submaximal exercise endurance, NYHA classification) and lower quality of

life scores. PROVED demonstrated similar results (71). Patients receiving placebo had a

higher percentage of treatment failures, decreased time to treatment failure, and
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significant worsening of maximal exercise performance. The combined results of these

two trials demonstrate that withdrawal of digoxin in patients with stable heart failure

results in deterioration of functional status, exercise capacity, and left ventricular ejection

fraction. Although these studies provide valuable information, they were too short and

too small to assess the impact of digoxin on mortality.

These studies were followed by the Digitalis Investigator Group (DIG) study, which

evaluated the effect of digoxin on mortality and morbidity in patients with heart failure

(72). The primary endpoint was mortality and secondary end-points included mortality

from cardiovascular deaths, death from worsening heart failure, hospitalization for

worsening heart failure, and hospitalization for other causes. This trial demonstrated a

neutral effect on mortality, although a trend toward lower risk of mortality due to

worsening heart failure was observed. However, there was a significant reduction in the

number of hospitalizations due to worsening heart failure with 6% fewer hospitalizations

overall in the digoxin group. When these end-points were combined, there was a

significantly lower incidence of death due to worsening heart failure and hospitalization

due to worsening heart failure in the digoxin group compared to placebo (Fig. 2).

If digoxin is used, appropriate dosing is important. There are no prospective

randomized studies comparing outcomes associated with high (R1.2 ng/ml) and low

(%1.2 ng/ml) digoxin concentrations; however, combined information from multiple

retrospective studies supports a dosing strategy that targets serum digoxin

concentrations of 0.5–1.0 ng/ml (73,74). These same studies have shown that the

potential for toxicity without additional clinical benefit occurs at serum concentrations

greater than 1.2 ng/ml. Additionally, it is important to recognize that multiple drug

interactions occur. Table 6 shows some of the common interactions and appropriate

dose changes.

While digoxin appears to have a beneficial effect in reducing heart failure

hospitalizations, no studies have been performed in patients admitted with acute heart

failure. It is reasonable to continue digoxin, but the initiation of digoxin has not

been shown to improve the short-term outcomes of patients admitted with acute heart

failure.

In contrast to digoxin, there have been studies of the inotropic agents milrinone and

dobutamine in acute heart failure. The OPTIME-CHF investigators examined the use of
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Figure 2 Results of Digitalis Investigator Group trial showing a reduction in the combined

endpoint of death or heart failure hospitalization with digoxin when compared to placebo. Source:

Adapted from Ref. 72.
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the positive inotrope milrinone (2). Nine hundred and fifty-one patients admitted with an

exacerbation of their chronic heart failure were randomized to either milrinone or placebo.

The primary endpoint of cumulative days of cardiovascular hospitalization in the first

60 days after randomization was similar between the two groups. Similarly, there was no

difference in 60-day mortality, in-hospital mortality, or the composite of death or

readmission. The use of milrinone was associated with more hypotension and new atrial

arrhythmias. One caveat to this study was that patients who were felt to require inotropes

were not eligible for enrollment. Therefore, the sickest patients, who in theory might

benefit most from the use of inotropes, were not enrolled. While that hypothesis has not

been tested, it is clear that there is no benefit to routinely using milrinone in all patients

admitted with heart failure.

Dobutamine compared to placebo has not been evaluated in acute heart failure, but

outcomes of patients on dobutamine have been assessed in two different trials. The first

Table 6 Drugs that Interact with Digoxin

Drug Action Rationale

Aluminum or magnesium

containing antacids, bile acid

binding resins, kaolin-pectin,

psyllium, metoclopramide,

sulfasalazine, neomycin

Avoid concomitant use or

stagger administration time

around digoxin (1 hr

before, or 2–3 hr after)

Reduced absorption of

digoxin; unpredictable

absorption.

Erythromycin, clarithromycin,

tetracycline

Possible reduction of digoxin

dose up to 50% may be

indicated in patients at risk

of toxicity

Reduced activity of intestinal

bacteria which metabolize

w20% of an oral digoxin

dose, increasing the bioa-

vailability of digoxin. Not

significant with parenteral

digoxin therapy

Quinidine, quinine,

propafenone

Reduce digoxin dose by 50% Reduced renal excretion,

nonrenal clearance of

digoxin, and tissue binding

Amiodarone Reduce digoxin dose by 50% Reduced renal and nonrenal

clearance of digoxin may

displace digoxin from

tissue stores. Dose adjust

digoxin for up to 6 mo after

discontinuation of amio-

darone

Verapamil, diltiazem

(moderate)

Possible reduction of digoxin

dose up to 50% with

concomitant verapamil

therapy may be indicated

in patients at risk of

toxicity

Reduction in non-renal

clearance of digoxin

Itraconazole Digoxin dose may require

reduction by up to 50% if

concomitant itraconazole

therapy of R200 mg/day

requiring a course of

therapy of 10 or more days

Uncertain; possibly reduction

in renal elimination and/or

digoxin metabolism
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was a trial with epoprostenol in patients with advanced heart failure (75). Of the 471

patients randomized, 80 were being treated with dobutamine at the time of randomization.

In a retrospective analysis, the use of dobutamine was associated with a higher incidence

of mortality (70.5% vs 37.1%). This was followed by a trial comparing dobutamine and

nesiritide (61). Again, the use of dobutamine was associated with worse 6-mo mortality

and more nonsustained ventricular tachycardia.

Currently, the use of either milrinone or dobutamine in patients admitted with acute

heart failure should be reserved for those that exhibit manifestations of low perfusion and

cannot be adequately diuresed. For patients on a beta blocker, the use of dobutamine

should be considered carefully. Since dobutamine acts as a beta receptor agonist and since

this same receptor is blocked by beta antagonists, high doses (O15 mg/kg/min) may be

required to achieve a hemodynamic effect (76). In this situation, one should consider using

milrinone, a phosphodiesterase inhibitor, or reducing the dose or discontinuing the

beta blocker.

Future Therapy

There are many new agents that are being evaluated for use in patients with acute heart

failure. These include vasopressin receptor antagonists, adenosine antagonists, and the

calcium sensitizer levosimendan.

Through stimulation of V2 receptors on the renal tubule collecting duct, vasopressin

has been found to reduce the rate of free water secretion and concentrate the urine (77).

This causes a decrease in urine production that has been found to be proportional to the

concentration of plasma vasopressin. Recently, specific antagonists to vasopressin have

been developed as potentially useful agents for patients with heart failure and

hyponatremia. In patients with heart failure, although vasopressin levels are elevated

their exact role is unclear. Vasopressin may cause edema and hyponatremia by activating

the V2 receptor and it may increase peripheral vascular resistance through the V1a receptor

located on vascular smooth muscle (78,79). Theoretically, antagonism of one or both of

these receptors may be beneficial in patients with heart failure.

Studies with two of these agents have been published. Conivaptan, a dual receptor

(V1A and V2) antagonist was evaluated in 142 patients randomized to either placebo or an

intravenous dose of conivaptan at one of 3 different doses (80). These patients had NYHA

II or III functional symptoms, but were stable outpatients that were admitted for placement

of a right heart catheter and infusion of study drug. The investigators found a significant

reduction in pulmonary capillary wedge and right atrial pressure. Additionally, urine

output increased by 176G18 mL/hr in the high dose conivaptan group.

Tolvaptan, a V2 selective vasopressin receptor antagonist has also been studied in

patients with heart failure. Gheorghiade et al. reported the results of 254 patients who were

randomized to either placebo or 3 different doses of tolvaptan for 25 days (81). A decrease

in body weight of about 1 kg was found after the first day that was maintained throughout

the study. There was also an increase in urine volume and a normalization of serum

sodium with tolvaptan.

A second dose-ranging study was performed with a primary end-point of change in

body weight at 24 hr (82). Additionally, heart failure outcomes, including death,

hospitalization, or unscheduled visits for heart failure at 60 days, were collected. Body

weight at 24 hr after tolvaptan decreased compared to the placebo arm. This decrease

occurred without a change in renal function or hypokalemia. There were no differences in

the secondary outcome of worsening heart failure at 60 days. Additionally, there was an

increase in serum sodium in the tolvaptan arms. If future studies confirm these positive
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results, these agents may become available for the treatment of acute heart failure,

especially in patients with diuretic resistance and/or hyponatremia.

A second class of agents currently undergoing evaluation is the adenosine

antagonists. Similar to vasopressin, adenosine levels are increased in patients with

advanced heart failure and theoretically antagonism of the receptor will be beneficial (83).

There are four different types of adenosine receptors that are present throughout the

body (84). The A1 receptor appears to have effects that could be detrimental to patients

with heart failure. In the heart, intravenous boluses of adenosine are associated with

profound bradycardia and negative inotropy. In the kidney, binding of adenosine to the A1

receptor results in afferent arteriole vasoconstriction and a decrease in glomerular blood

flow (85). Additionally, an acute increase in the sodium concentration in the proximal

renal tubule leads to increased local adenosine production, which then causes further

afferent arteriole vasoconstriction (86).

The effects of adenosine antagonism in patients with heart failure are currently under

evaluation. The selective A1 receptor antagonist BG9719 was studied in 12 patients with

congestive heart failure (87). Patients were given placebo, BG9719, and furosemide on

three different days and glomerular filtration rate, renal plasma flow, sodium excretion,

and urine volume were measured. There was a significant decline in glomerular filtration

rate, increased sodium excretion, and increased urine volume with furosemide compared

to BG9719 or placebo.

A second study with BG9719 was performed in a group of 63 patients (88). Patients

were given placebo or 1 of 3 doses of BG9719 on day 1 and then the same agent plus

furosemide on a separate day in a double blind, crossover fashion. Infusion of BG9719 was

associated with a urine output of over 700 ml in the subsequent 8 hr. Conversely,

intravenous furosemide alone resulted in over 1500 ml of urine in 8 hr. The benefit of

BG9719 appeared to be when used in combination with furosemide. The combination of

the two agents resulted in a urine output of about 2200 ml of urine in 8 hr and there was no

change in glomerular filtration rate from baseline. This compares to the furosemide alone

group that experienced a decline in glomerular filtration rate of over 15%. Hence, the

combination of an A1 adenosine antagonist and furosemide might theoretically preserve

renal function and promote natriuresis and diuresis in patients with acute heart failure.

The last agent currently undergoing evaluation is the calcium sensitizer

levosimendan. This agent causes an inotropic response by increasing the sensitivity of

troponin-C to intracellular levels of calcium (89). Additionally, it inhibits phosphodi-

esterase-III (similar to milrinone) and has a vasodilating effect. Levosimendan has been

shown to improve stroke volume and decrease pulmonary capillary wedge pressure in

patients admitted with decompensated heart failure (90). Further studies are needed

to determine if this agent will be the first “safe” inotrope that can be used for the treatment

of heart failure.

PRE-DISCHARGE GOALS

Teaching

One of the advantages of an acute heart failure admission is that other non medical issues

can be dealt with during their stay. In contrast to an outpatient clinic visit where time is

limited, detailed teaching can be done. This needs to be individualized for each patient.

If a patient is admitted with decompensated heart failure for the first time, more time

should be spent on general teaching about the disease and how it is treated. Conversely, for

patients that demonstrate non-compliance to medications, fluid intake, or diet the teaching

Russell220



should be focused on reinforcing appropriate behaviors. Post discharge care should also be

focused on including abstinence from tobacco, measuring weight daily with instructions

to self dose diuretics or call the care team, and further teaching about nutrition. Ideally,

this should be a multidisciplinary approach that may include physicians, nurses, dieticians,

pharmacists, and others involved in the care of heart failure patients. Detailed, written

information should be provided as well to reinforce the teaching. This teaching should be

provided for both the patient and their family members. Fonarrow et al. have shown that

such an approach can result in a decrease in readmission rates and an improvement in

functional status (43). By reducing readmission rates the cost savings was $9800 per

patient. Similar cost savings has been shown by implementing this teaching in the

outpatient setting (91). Whellan et al. reported on the development of an outpatient

heart failure disease management program that reduced admissions for heart failure

exacerbations saving the hospital $8571 per patient-year.

In addition to extensive teaching, the hospitalization should be used as an

opportunity to ensure that patients are on the proper medical therapy for heart failure.

Table 7 outlines medications and therapies that are indicated for patients with heart

failure. If patients are admitted to the hospital with NYHA functional class III or IV heart

failure, spironolactone should be added to their therapy as long as their renal function is

normal and they do not have a history of hyperkalemia (92). Similarly, with the recent data

showing a survival benefit with internal cardiac defibrillators, appropriate patients with

an ejection fraction less than 35% should have one placed (93–95). Utilizing the time

prior to hospital discharge when patients are almost euvolemic allows this procedure

to be performed without a second hospitalization. Finally, it is important to arrange for

appropriate outpatient follow-up soon after discharge. These patients should be followed

frequently at first and only when stable can the time between outpatient visits lengthen.

Risk Stratifying

One question that often comes up when talking with the patient and their family is the

future and their risk of death and rehospitalization. Although this can be difficult to

estimate, it is an important issue to think about both for practical reasons for the family

with planning and also for the physician. If a patient has a high risk of death or

readmission, one should think about referral for cardiac transplantation (if eligible) or

advanced alternative therapies like destination left ventricular assist device. Additionally,

referral to intensive outpatient heart failure disease management programs may be

helpful to improve outcomes. Although there has not been much research in this area,

older age, NYHA functional class IV heart failure, lower systolic blood pressure and

Table 7 Optimal Therapy for Patients with Heart Failure

Prolong survival

ACE inhibitors

Angiotensin receptor blockers

Beta-blockers

Spironolactone (if NYHA functional class III or IV)

Statins (if ischemic)

ICD (if EF!35%)

Decrease symptoms

Digoxin

Biventricular pacemakers
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sodium, and higher blood urea nitrogen have all been shown to be associated with

worsening outcomes (96).

SUMMARY

The incidence of heart failure is increasing and as the population ages more of these

patients will be admitted with acute decompensations. There are three main issues when

treating heart failure. Immediately try to improve symptoms by treating fluid overload and

poor perfusion and by identifying and reversing the underlying cause of the exacerbation.

Second, focus on optimizing the patient’s fluid status and initiating appropriate therapy.

Finally, try to alter the long term outcomes of the disease by establishing ideal therapies

and educating those affected about the disease process and about how the patient and their

family play an important role in their overall outcomes.
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DEFINITIONS AND CLASSIFICATION

Many patients with signs and symptoms of heart failure have normal or near normal left

ventricular ejection fraction. In 1988, Kessler introduced the term “diastolic heart failure”

to describe these patients (1). More recently, Aurigemma and Gaasch suggested a more

comprehensive definition: “if effort intolerance and dyspnea develop in a patient with

hypertensive left ventricular hypertrophy, normal ejection faction and abnormal left

ventricular filling, especially in combination with venous congestion and pulmonary

edema, it would be appropriate to use the term diastolic heart failure (2).” Alternatively,

Grossman and others have proposed purely pathophysiologic definitions, such as filling of

the left ventricle to a normal end-diastolic volume only at higher than normal pressure (3).

To avoid ambiguity in defining patient populations and promote standardization in

practice, specific diagnostic criteria for diastolic heart failure have been developed. The

European Study Group (4) proposed that three conditions must be simultaneously met to

make a diagnosis of primary diastolic heart failure: (1) presence of signs or symptoms of

heart failure; (2) presence of normal or only mildly abnormal left ventricular systolic

function; and (3) evidence of abnormal left ventricular relaxation, filling, diastolic

distensibility or diastolic stiffness (Table 1A). More recent criteria proposed by Vasan and

Levy (5) considers both clinical presentation as well as documentation of systolic and

diastolic function, and grades the likelihood of diastolic heart failure as possible, probable

or definite (Table 1B).

Although classifying patients allows for standardization of practice, it is important

to remember that systolic and diastolic heart failure are not mutually exclusive. While

these terms underscore the predominant pathophysiologic mechanism operating in the

individual patient, many patients with heart failure have abnormalities of both systole and

diastole. In patients with ischemic cardiomyopathy, for example, systolic heart failure is

caused by both the chronic loss of myocardium secondary to infarction and the acute loss
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of contractility due to ischemia; diastolic heart failure is due to reduced compliance caused

by chronic replacement fibrosis and the acute reduction in distensibility by ischemia.

Diastolic dysfunction should also be distinguished from diastolic heart failure. Some

patients with diastolic dysfunction (e.g., abnormal left ventricular filling) do not have signs

or symptoms of heart failure, while other patients with diastolic heart failure do not have

demonstrable abnormalities of diastolic function. For these patients, heart failure with

normal or preserved ejection fraction may be the more appropriate terminology. National

guidelines recommend that every effort be made to exclude other possible explanations or

disorders that may present in a similar manner (Table 2).

Table 1A Diagnostic Criteria for Diastolic Heart Failure: European Study Group

Criterion Examples

Signs or symptoms of heart failure Exertional dyspnea, orthopnea, gallop

sounds, lung crepitations, pulmonary

edema

Normal or mildly reduced left ventricular

systolic function

LVEFR45% and LVEDIDI!3.2 cm/m2;

LVEDVI!102 ml/m2

Abnormal left ventricular relaxation, filling,

diastolic distensibility and diastolic

stiffness

LV dP/dtmin!1100 mmHg/sec; PFR

!160 ml/sec/m2; LVEDPO16 mmHg or

mean PCWPO12 mmHg; bO0.27

Abbreviations: LVEF, left ventricular ejection fraction; LVEDIDI, left ventricular end-diastolic internal

dimension index; LVEDVI, left ventricular end-diastolic volume index; LV dP/dtmin, peak negative left

ventricular dP/dt; PFR, peak filling rate; LVEDP, left ventricular end-diastolic pressure; PCWP, pulmonary

capillary wedge pressure; b, constant of LV chamber stiffness.

Source: Adapted from European Study Group on Diastolic Heart Failure: How to diagnose diastolic heart failure.

Eur Heart J 1998; 19:990.

Table 1B Diagnostic Criteria for Diagnostic Heart Failure: Vasan and Levy

Criterion

Possible diastolic

HF

Probable diastolic

HF

Definite diastolic

HF

Definitive evidence

of HF

Signs and symptoms

of HF, supporting

lab testsa, and

response to diure-

tics

Signs and symptoms

of HF, supporting

lab testsa, and

response to diure-

tics

Signs and symptoms

of HF, supporting

lab testsa, and

response to diuretics

Objective evidence

of normal LV

systolic function

LVEFR50%, but

not at the time of

heart failure event

LVEFR50% within

72 hr of heart

failure event

LVEFR50% within

72 hr of heart failure

event

Objective evidence

of LV diastolic

dysfunction

No conclusive

information

No conclusive

information

Abnormal LV relax-

ation, filling and/or

distensibility at car-

diac catheterization

aChest X-ray, B-type natriuretic peptide level.

Abbreviations: HF, heart failure; LV, left ventricular; LVEF, left ventricular ejection fraction.

Source: From Vasan RS, Levy D: Defining diastolic heart failure: a call for standardized diagnostic criteria.

Circulation 2000; 101:2118.
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EPIDEMIOLOGY

Community-based, epidemiological studies have demonstrated that diastolic heart failure

is common and is particularly prevalent in older patients, women, and those with a history

of hypertension (Table 3) (6–8). Lindenfeld et al. (9) reviewed the medical records of

1,081 randomly selected Medicare patients hospitalized with heart failure and found that

25% of men and 45% of women had an ejection fraction greater than 40%. The prevalence

of diastolic heart failure increased to 31% and 52%, respectively in patients greater than or

equal to 85 yr of age (Fig. 1). The Acute Decompensated Heart Failure National Registry

(ADHEREw) collected data on 105,388 patients hospitalized with a primary or secondary

diagnosis of heart failure (10). Mean age was 72.4 yr, and 52% were women. Assessment

of quantitative or qualitative left ventricular ejection fraction was obtained during or

before hospitalization in 81%, and revealed that 46% had either normal or mild

impairment of systolic function.

Follow-up data shows that patients hospitalized with heart failure and preserved

ejection fraction have rates of functional decline and readmission that are similar to

patients with systolic dysfunction (11). While some data suggests that long-term survival

is similar among patients with systolic versus diastolic heart failure (7), most studies show

that diastolic heart failure is associated with a lower risk of death (Table 4). Philbin et al.

(12) assessed outcomes in 1,291 patients hospitalized for heart failure with left ventricular

Table 2 Differential Diagnosis in a Patient with Heart Failure and Preserved Ejection Fraction

Incorrect diagnosis of HF

Inaccurate measurement of LVEF

Primary valvular disease

Restrictive or infiltrative cardiomyopathy (e.g., amyloidosis, sarcoidosis)

Pericardial constriction

Episodic or reversible left ventricular systolic dysfunction

Severe hypertension and/or ischemia

High-output heart failure (e.g., due to thyrotoxicosis, anemia)

Chronic pulmonary disease with right heart failure

Pulmonary arterial hypertension

Abbreviations: HF, heart failure; LVEF, left ventricular ejection fraction.

Source: From Hunt SA, Abraham WT, Chin MH, et al: ACC/AHA 2005 guideline update for the diagnosis and

management of chronic heart failure in the adult: a report of the American College of Cardiology/American Heart

Association Task Force on Practice Guidelines (Writing Committee to Update the 2001 Guidelines for the

Evaluation and Management of Heart Failure): developed in collaboration with the American College of Chest

Physicians and the International Society for Heart and Lung Transplantation: endorsed by the Heart Rhythm

Society. Circulation 2005; 112:e154–e235.

Table 3 Epidemiology of Heart Failure by Ejection Fraction

Characteristics Preserved EF (nZ200) Reduced EF (nZ213) P

Mean age, years 73 70 0.004

Female gender, % 63 35 0.001

HTN, % 80 65 0.001

CAD, % 24 76 0.0001

Diabetes, % 48 48 0.94

Abbreviations: EF, ejection fraction; HTN, hypertension; CAD, coronary artery disease.

Source: From Smith GL et al.: Outcomes in heart failure patients with preserved ejection fraction: mortality,

readmission, and functional decline. J Am Coll Cardiol 2003; 42:1510.
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ejection fraction%0.39 (57%), 0.40 to 0.49 (18%) or R0.50 (24%) and found the lowest

mortality in patients with preserved ejection fraction (Fig. 2). Interestingly, in this large

cohort of patients with diastolic heart failure, angiotensin-converting enzyme (ACE)

inhibitors were not associated with improved survival.

The incidence of diastolic heart failure is not well known. In one study of

asymptomatic patients over the age of 65 with echocardiographic evidence of diastolic

dysfunction, heart failure developed in up to 15% within five years (13). Restrictive left

ventricular filling and left ventricular mass were strong independent predictors of incident

heart failure.
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Figure 1 Percentage of Medicare patients with a principal discharge diagnosis of heart failure and

ejection fraction !40% according to age and gender. *p!0.01 for individual age-group

comparisons; **p!0.01, all women compared to all men. Source: From Ref. 9.

Table 4 Mortality in Diastolic Versus Systolic Heart Failure

Study (Ref.)

Patients,

n Follow-up

Mortality with

reduced EF

Mortality with

preserved EF

RR of death

with preserved

EF

Cohn 1990 (82) 623 2.3 yr 19% per year 8% per year 0.42

Ghali 1992 (83) 78 2 yr 46% 26% 0.56

McDermott 1997

(84)

192 27 mo 35% 35% 0.97

Vasan 1999

(6)

73 5 yr 64% 32% 0.50

McAlister 1999

(85)

566 3 yr 38% 34% NA

Philbin 2000

(12)

1291 6 mo 18% 15% 0.69

Masoudi 2003

(86)

413 6 mo 21% 13% 0.49

Abbreviations: EF, ejection fraction; RR, relative risk; NA, not available.
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PATHOPHYSIOLOGY

Ventricular diastole is generally divided into four phases: isovolumic relaxation, rapid

early filling, diastasis, and atrial systole. Although what constitutes an abnormality in each

of these four phases, i.e., diastolic dysfunction, can generally be agreed upon, there is a

lack of consensus as to the predominant pathophysiologic mechanism that underlies the

clinical syndrome of diastolic heart failure. In large part, this lack of consensus results

from the arbitrary nature of the clinical definition (4,5), the heterogeneity of the clinical

syndrome (14), and the absence of well-characterized animal models (15). Furthermore,

there is a paucity of simultaneous intracardiac pressure and volume data in the patient

populations for which there is the greatest debate (16–18). Most importantly, it is difficult

to completely separate concepts of diastolic function from considerations of ventricular

systole since they are intimately linked (19,20). Despite these issues, recent work suggests

that there are likely several mechanisms at work that help to define syndromes of diastolic

heart failure.

If the clinical heterogeneity of diastolic heart failure is acknowledged, it is useful

from a pathophysiologic perspective to consider two broad principal distinctions:

“primary” forms of diastolic heart failure where intrinsic conditions of the myocardium

directly result in diastolic dysfunction (e.g., restrictive cardiomyopathies) and

“secondary” forms of diastolic heart failure where diastolic dysfunction is a consequence

of the myocardial response to a given physiologic stimulus (e.g., hypertensive heart

disease). Some investigators have suggested that the clinical presence of hypertension

provides an easy and useful method of distinguishing these syndromes (16).

Primary diastolic heart failure syndromes are characterized by diastolic dysfunction

in the absence of a physiologic loading condition that would lead to reactive ventricular

hypertrophy and fibrosis, load-dependent changes in diastole or both. Acute ischemic heart

disease, hypertrophic cardiomyopathy, and constrictive pericarditis fall into this category.
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Figure 2 Kaplan–Meier curves showing proportion of patients with heart failure surviving after

hospitalization stratified by ejection fraction. Crosses, ejection fraction (EF) greater than or equal to
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Ref. 12.
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Other less common examples of primary diastolic heart failure include forms of restrictive

cardiomyopathy (21) that are characterized by myocardial infiltration such as cardiac

amyloidosis or hemochromatosis, endomyocardial fibrosis, and Fabry’s disease.

Hemodynamically, there is impedance to ventricular filling, impaired relaxation, relatively

fixed small end-diastolic volumes, and biatrial enlargement. In these disorders, filling of

the left ventricle to a normal end-diastolic volume occurs only at higher than normal end-

diastolic pressures, i.e., a leftward and upward shift of the end-diastolic pressure-volume

relationship, the traditional paradigm for diastolic dysfunction and heart failure (Fig. 3)

(22,23).

The unifying characteristic of these conditions is abnormal active and/or passive

relaxation (22,23). In this paradigm, abnormalities in active muscular relaxation, passive

tissue chamber compliance, and/or extrinsic forces (such as pericardial constraint,

vascular venous turgor, and right ventricular function) produce dysfunction in one of the

four phases of diastole. For example, active muscular relaxation may be impaired when

cytosolic calcium transients (e.g., acute ischemic heart disease) and/or contractile proteins

(e.g., hypertrophic cardiomyopathy) are disturbed (24,25). Passive diastolic compliance

may be influenced by both myocyte hypertrophy as well as changes in the extracellular

matrix. Although this matrix is composed of several components including elastin,

proteoglycans, and basement membrane proteins, fibrillar collagen has received the most

attention as a pathologic offender (26,27). Fibrillar collagen is often abnormal in diseases

associated with diastolic dysfunction and experimentally, when collagen metabolism is

altered, diastolic function changes concomitantly (28,29). The cardiac endothelial and

neurohormonal systems also contribute to ventricular relaxation and stiffness (30). Finally,

salt and water avidity results from the neurohormonal activation that occurs as a result of

the decreased distal delivery of sodium in the loop of Henle. In this setting, small chamber

size leads to small stroke volumes and decreased cardiac output.

LV Volume (ml)
0

0

25

50

75

100

125

150

25 50 75 100 125 150

LV
 P

re
ss

ur
e 

(m
m

H
g)

EDPVR

E
S

P
V

R

Norm
alHFNEF

Figure 3 Traditional paradigm of diastolic heart failure. Note the displacement of the end-

diastolic pressure volume relationship (EDPVR) up and to the left (dotted lines). Filling of the left

ventricle to a normal end-diastolic volume only occurs at higher than normal end-diastolic pressures.

Note that systolic pressure must fall in this paradigm if end-systolic pressure volume relationship

(ESPVR) remains unchanged. Abbreviation: HFNEF, heart failure with normal ejection fraction.

Source: From Ref. 32.

Givertz and Fang232



In secondary forms of diastolic heart failure, diastolic dysfunction may be the

consequence of excessive preload (e.g., renal failure), afterload (e.g., hypertension) or

both, with subsequent secondary changes in ventricular diastolic function. These types of

diastolic heart failure are more common than the primary forms described previously.

It was recently concluded that abnormalities in diastolic function alone are sufficient

to explain the primary pathophysiologic process in such patients. Zile et al. (17)

demonstrated a longer time constant of isovolumic relaxation and an upward and leftward

shift of the end-diastolic pressure-volume relation in middle-aged men with a history of

diastolic heart failure but without hypertrophy versus age-matched controls. However,

epidemiologic studies consistently show that most patients with diastolic heart failure are

predominantly elderly, female, hypertensive, and diabetic (31). These observations

suggest that it is likely a subset of patients with diastolic heart failure that have a primary

abnormality of LV filling and that these patients may be more accurately classified as

having a type of restrictive cardiomyopathy or primary diastolic heart failure.

In the majority of patients with diastolic heart failure (i.e., elderly hypertensive

women), it remains unclear whether diastolic dysfunction is primary and sufficient to

explain the heart failure syndrome. Recent work has challenged the stiff heart paradigm

(14,32). While available only in a small number of patients, invasively obtained pressure-

volume data suggest that the end-diastolic pressure-volume relationship is variable (Fig. 4)

(18,32). Abnormalities of diastolic function may reflect a reactive or secondary response of

ventricular form and function to a more primary insult such as vascular stiffness (33). Since

the rate and extent of myocardial relaxation is dependent upon ventricular load, timing of

load in systole, and duration of systole, changes in vascular impedance would be expected

to result in diastolic dysfunction (19). Furthermore, an increase in aortic stiffness leads to

premature wave reflection and consequent increases in late systolic load and decreased

diastolic coronary perfusion. Finally, abnormalities of systole often co-exist (34). Increases

in ventricular systolic stiffness (i.e., end-systolic elastance) exacerbate the late systolic load

of increased arterial elastance leading to premature cessation of systole, blood pressure

lability, and exaggerated effects of vascular impedance on ventricular relaxation (14).

Invasive pressure–volume data in small numbers of elderly women appear to confirm this

hypothesis (Fig. 5) (18).
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Figure 4 Invasively obtained end-diastolic volume relations (EDPVR) in patients with diastolic

heart failure. In elderly subjects with diastolic heart failure, the EDPVR is quite variable and may be

shifted to the left or right, or may not be significantly different from the normal relationship. Source:

From Ref. 32.

Diastolic Heart Failure 233



Maladaptive volume regulation may also contribute to diastolic heart failure.

Increasing evidence suggests that in elderly hypertensive patients with heart failure,

volume expansion, renal dysfunction, and anemia (35) play important roles in disease

progression. Maurer and colleagues (16) describe three pathophysiologic entities of

diastolic heart failure, which can be characterized by specific pressure-volume

relationships. Two of the three have been described above and are characterized by either

a steep end-diastolic pressure-volume relation (i.e., primary diastolic heart failure, Fig. 3)

or an increase in end-systolic elastance (i.e., vascular and ventricular stiffness, Fig. 5). The

third mechanism suggests that patients are volume expanded and that the increase in end-

diastolic pressure is due to movement up along a “normal” end-diastolic pressure-volume

curve (Fig. 6A). Using control data derived from regression models incorporating age,

gender and size, Maurer et al. (16) demonstrated higher than normal end-diastolic and end-

systolic volumes in a group of predominately elderly female hypertensive subjects

(Fig. 6B). Finally, the role of the kidney in these disorders remains unexplored. Although

there appears to be neurohormonal activation (36), the direct stimuli for salt and water

retention in the face of a normal cardiac output remain unknown. Concomitant anemia,

obesity, baroreceptor dysfunction, and intrinsic kidney disease may play important roles in

this paradigm.

CLINICAL ASSESSMENT

A number of clinical features and laboratory findings may be used to characterize patients

with diastolic heart failure (Table 5). However, it is important to recognize that the clinical

features of heart failure may be similar whether left ventricular ejection fraction is

preserved or reduced, underscoring the need for evaluation of ventricular function in all

patients with heart failure. Certain aspects of the history and physical examination may

help to distinguish diastolic from systolic heart failure. For example, older patients with

hypertensive heart disease and left ventricular hypertrophy often experience heart failure

because of diastolic dysfunction, volume expansion or both.
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Figure 5 Ventricular–vascular coupling in diastolic heart failure. In an elderly patient with

hypertension and heart failure with normal ejection fraction (HF-nlEF), pressure volume loops

demonstrate an increase in both end systolic elastance (Ees) and arterial elastance (Ea), leading to

premature cessation of systole, decreased stroke volume, and increased end-diastolic pressure. There

is near matching of Ees and Ea in the control patient. Source: From Ref. 18.
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Noninvasive Imaging

Just as the physical examination lacks sensitivity and specificity for diastolic heart failure,

the chest x-ray cannot reliably distinguish diastolic from systolic heart failure. However,

findings such as pulmonary vascular redistribution, pulmonary edema and/or pleural

effusions may be used to support a diagnosis of heart failure in patients with shortness

of breath and preserved ejection fraction. The echocardiogram is an essential tool for

management of patients with systolic or diastolic heart failure, and the baseline study

should be used to quantify ejection fraction, and assess left ventricular chamber size and

wall thickness. In addition, two–dimensional echocardiography can help to identify other

causes of heart failure in patients with preserved ejection fraction, such as primary

valvular disease (e.g., acute mitral regurgitation), isolated right heart failure, pulmonary

arterial hypertension or infiltrative cardiomyopathy (e.g., cardiac amyloidosis). Doppler

techniques, including assessment of mitral inflow velocity or pulmonary venous flow,

can be used to assess left ventricular diastolic function; however, these velocities are

generally load- and heart rate-dependent and lack appropriate specificity. Newer Doppler

techniques, including tissue Doppler imaging, appear to be less sensitive to preload, but

their clinical utility in the diagnosis and management of diastolic heart failure remains to

be determined.

For patients in whom poor acoustic windows limit transthoracic techniques, a

transesophageal echocardiogram may be performed to define cardiac structure and

function. Alternatively, cardiac magnetic resonance (MRI) allows high-resolution imaging

of the myocardium, cardiac chambers and valves and adjacent structures. For patients with

heart failure and preserved ejection fraction, cardiac MRI may be used to rule out

pericardial disease with high sensitivity or support a specific diagnosis such as hypertrophic

cardiomyopathy (37), myocardial sarcoidosis (38) or cardiac hemochromatosis (39).
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Figure 6 Volume overload in diastolic heart failure. (A) The end-diastolic pressure volume

relationship (EDPVR) in a hypertensive patient with diastolic heart failure (thin line) compared to

normal (thick line). The “volume overload” hypothesis suggests that the EDPVR is not shifted upward

and to the left but rather that the end-diastolic volume is greater, and the end-diastolic pressure

increases, due to movement up and out along a “normal” EDPVR curve (e.g., rightward shift).

(B) Assessment of end-systolic (ESV) and end-diastolic volumes (EDV) using three-dimensional

echocardiography. Non-hypertensive patients with diastolic heart failure (nonHTN DHF) have

elevated end-diastolic pressures with relatively normal EDVs consistent with the traditional paradigm

of diastolic heart failure. In contrast, patients with hypertension and diastolic heart failure (HTN

DHF) have elevated end-diastolic pressures with increased EDVs and ESVs in support of the “volume

overload” hypothesis. *p!0.05 versus control, †p!0.05 vs. non-HTN DHF. Source: From Ref. 16.
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Exercise Testing

Exercise testing may be used to determine the degree of exercise intolerance and assess for

the presence of coronary artery disease in patients with diastolic heart failure. Kitzman

et al. (40) measured resting and exercise hemodynamics in 7 patients with heart failure,

normal ejection fraction and no significant ischemic or valvular heart disease. In patients

with diastolic heart failure, pulmonary capillary wedge pressure increased markedly at

peak exercise, and this increase in left ventricular filling pressure was not associated

with an increase in cardiac output. Proposed mechanisms underlying this failure of the

Frank Starling response include decreased distensibility (or compliance), loss of recoil,

increased passive chamber stiffness and decreased coronary vasodilator reserve.

Subcellular mechanisms of exercise intolerance have also been elucidated in animal

models of heart failure, and include excess diastolic calcium and reduced adenosine

triphosphate availability.

Table 5 Clinical Features of Systolic vs. Diastolic Heart Failure

Parameters Systolic Diastolic

History

Coronary artery disease CCC CC
Hypertension CC CCCC
Diabetes CC CC
Valvular heart disease CCCC C
Paroxysmal dyspnea CC CCC

Physical examination

Cardiomegaly CCC C
Soft heart sounds CCCC C
S3 gallop CCC C
S4 gallop C CCC
Hypertension CC CCCC
Mitral regurgitation CCC C
Rales CC C
Edema CCC C
Jugular venous distension CCC C

Chest roentgenogram

Cardiomegaly CCC C
Pulmonary congestion CCC CCC

Electrocardiogram

Left ventricular hypertrophy CC CCCC
Q waves CC C
Low voltage CCC K

Echocardiogram

Left ventricular hypertrophy CC CCCC
Left ventricular dilation CC K
Left atrial enlargement CC CC
Reduced ejection fraction CCCC K

Plus signs indicate “suggestive” (the number reflects relative weight). Minus signs indicate “not very suggestive.”

Source: From Givertz MM, Colucci WS, Braunwald E: Clinical aspects of heart failure; pulmonary edema,

high-output failure. In Zipes DP, Libby P, Bonow RO, Braunwald E (eds): Heart Disease: A Textbook of

Cardiovascular Medicine, 7th ed. Philadelphia: Elsevier Saunders: 2005: 539–568.

Givertz and Fang236



The abnormal cardiac output response to exercise contributes to leg fatigue, while

an increase in pulmonary venous pressures causes a reduction in lung compliance resulting

in dyspnea. Other factors contributing to impaired exercise tolerance in patients with

diastolic heart failure include age, deconditioning, reduced aortic distensibility (41),

skeletal muscle atrophy and endothelial dysfunction.

Invasive Testing

Cardiac catheterization remains the gold standard for assessment of hemodynamics and

definition of coronary anatomy. Catheterization of the right side of the heart using a

balloon-tipped catheter allows measurement of right and left-sided cardiac filling

pressures, pulmonary artery pressures and cardiac output using either thermodilution or

Fick techniques. Routine left heart catheterization allows measurement of left ventricular

systolic and end-diastolic pressures. While hemodynamics are generally assessed at rest,

measurements obtained during exercise may help to clarify the underlying pathophysiol-

ogy and functional limitation in selected patients. However, due to the heterogeneous

nature of the clinical syndrome, there is no single hemodynamic profile that defines a

patient with diastolic heart failure. For example, a patient with primary diastolic heart

failure (e.g., due to restrictive cardiomyopathy) may have elevated right and left-sided

filling pressures, secondary pulmonary hypertension and low resting cardiac output, while

a patient with diastolic heart failure secondary to hypertensive heart disease may have

normal filling pressures at rest that increase inappropriately with exercise and are

associated with an inadequate cardiac output response (40).

As proposed by Vasan and Levy, definite diastolic heart failure requires

demonstration of abnormal LV relaxation, filling and/or distensibility at cardiac

catheterization (Table 1B). Zile et al. (42) hypothesized that the vast majority of patients

with heart failure and a normal ejection fraction exhibit abnormal LV diastolic function

and therefore do not need invasive hemodynamic assessment. Of 63 patients with diastolic

heart failure, 58 (92%) had a left ventricular end-diastolic pressure O16 mm Hg (mean

27G7 mm Hg, range 7 to 48). In a subset of patients that underwent detailed assessment

using a micromanometer-tipped catheter and Doppler echocardiography, the time constant

of LV relaxation was abnormal in 79% (mean 59G15 ms, range 32 to 110), and at least

one index of diastolic function was abnormal in every patient. A follow-up hemodynamic

study by the same investigators demonstrated normal LV systolic function, performance

and contractility in patients with diastolic heart failure (43).

Biomarkers

B-type natriuretic peptide (BNP) is synthesized and secreted by the cardiac ventricles in

response to an increase in wall stress or filling pressure. In patients with systolic heart

failure, BNP levels are elevated in relation to disease severity and provide strong

independent prognostic information. Recent data demonstrates that plasma BNP levels are

also elevated in patients with diastolic heart failure and may predict survival. In animal

models, myocardial BNP messenger RNA levels are increased during the transition from

left ventricular hypertrophy to diastolic heart failure (44), and in patients who have

received adriamycin, BNP levels are inversely correlated with measures of diastolic filling

(45). In a cross-sectional echocardiographic study of patients with normal ejection frac-

tion, elevated BNP levels were associated with diastolic dysfunction, with the highest

levels seen in patients with a restrictive filling pattern (Fig. 7A) (46).

Diastolic Heart Failure 237



Maisel et al. (47) examined BNP levels in 452 patients with systolic versus diastolic

heart failure who presented to the emergency room with shortness of breath. Patients with

diastolic heart failure had lower BNP levels than those with systolic heart failure (Fig. 7B).

However, BNP added only modest discriminatory value in differentiating these two groups

of patients. Further studies show that BNP levels are elevated in diastolic heart failure

independent of left ventricular hypertrophy (48). In a prospective echocardiographic study

of patients with hypertension and diastolic heart failure, BNP levels were higher in

patients with diastolic dysfunction and were independently related to blood pressure and

age (49). However, nearly 80% of patients with diastolic dysfunction had levels less than

100 pg/mL. There is no randomized controlled data demonstrating a role for BNP-guided

therapy of diastolic heart failure in the inpatient or outpatient setting.

TREATMENT

While large randomized trials have confirmed survival and other benefits of ACE

inhibitors and beta-blockers in patients with systolic heart failure, there have been few

trials of neurohormonal antagonists in patients with diastolic heart failure. As a result,

therapy of diastolic heart failure is based on the results of clinical investigations in small

groups of patients, and on pathophysiologic concepts (50). Principles of therapy as

recommended by the American College of Cardiology/American Heart Association

guidelines (51) include fluid and sodium restriction, heart rate and blood pressure control,

prevention of myocardial ischemia, reduction in cardiac filling pressures and control of

edema, and maintenance of sinus rhythm (Table 6). Neurohormonal antagonists to

minimize symptoms and slow disease progression remain unproven. Additional non-

pharmacologic strategies that have proven effective in systolic heart failure and should be
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Figure 7 B-type natriuretic peptide (BNP) levels in diastolic heart failure. (A) Mean BNP levels in

119 patients referred for echocardiography and found to have normal systolic function and abnormal

diastolic function. Comparison of three diastolic filling patterns (impaired relaxation, pseudonormal

or restrictive-like) demonstrates that, as a group, patients with diastolic dysfunction and heart failure

symptoms (clinical CHF) have higher BNP levels than patients with asymptomatic diastolic

dysfunction (no clinical CHF). Source: From Ref. 46. (B) Box and whisker plots showing median

BNP levels in patients presenting to the emergency department with dyspnea not due to heart failure

(non-CHF) compared to patients with a final adjudicated diagnosis of diastolic (non-systolic) versus

systolic heart failure. Source: From Ref. 47.
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generalized to patients with diastolic heart failure include weight loss, exercise and

smoking cessation.

In general, positive inotropic agents should not be used in patients with diastolic

heart failure as they may adversely affect myocardial energetics, induce ischemia and

promote tachyarrhythmias. Results of the Digitalis Investigation Group trial, however,

suggest that even patients with a normal ejection fraction may have fewer symptoms and

reduced hospitalizations with digoxin. In 988 patients with heart failure and an ejection

fraction greater than 45%, digoxin was associated with a non-significant reduction in the

combined endpoint of death or heart failure hospitalization (52,53). The mechanism of

benefit may not be related to digoxin’s inotropic effect, but rather to improvements in

parasympathetic tone and baroreceptor sensitivity (54).

Fluid and Sodium

Pulmonary venous congestion associated with diastolic dysfunction usually responds

rapidly to preload reduction with diuretics, nitrates, or both. However, because of

increased myocardial stiffness, a small decrease in LV volume can cause a marked

decrease in LV filling pressure, stroke volume, and cardiac output, especially in primary

forms of diastolic heart failure (see discussion in Pathophysiology). Therefore, it is

important to avoid excessive preload reduction, which can cause symptomatic

hypotension. Diuretic therapy should be initiated with a small dose of a loop diuretic

(e.g., furosemide 20 mg). If effective diuresis is not achieved, the dose should be increased

and/or a second diuretic agent (e.g., metolazone 2.5–5 mg) should be added. For patients

presenting to the emergency room with acute pulmonary edema, oxygen, morphine and

positive mask ventilation may be important adjunctive therapies to achieve clinical

stabilization and avoid the need for intubation and mechanical ventilation. If acute

pulmonary edema occurs in the setting of marked hypertension, intravenous nitroglycerin

or nitroprusside can be used to rapidly lower blood pressure, with nitroglycerin being the

preferred agent if an acute coronary syndrome is suspected based on associated symptoms

(e.g., chest pain) or electrocardiographic changes (e.g., ST segment elevation or

Table 6 ACC/AHA Recommendations for Management of Diastolic Heart Failure

Class Recommendation Level of evidence

I Control systolic and diastolic hypertension A

Control ventricular rate in atrial fibrillation C

Diuretics to control pulmonary congestion and edema C

IIa Coronary revascularization if ischemia is having an

adverse effect on diastolic function

C

IIb Restoration of sinus rhythm if atrial fibrillation present C

Beta-blockers, ACE inhibitors, ARBs or calcium

antagonists to minimize symptoms of HF

C

Digoxin to minimize symptoms of HF C

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; HF, heart failure.

Source: From Hunt SA, Abraham WT, Chin MH, et al. ACC/AHA 2005 guideline update for the diagnosis and

management of chronic heart failure in the adult: a report of the American College of Cardiology/American Heart

Association Task Force on Practice Guidelines (Writing Committee to Update the 2001 Guidelines for the

Evaluation and Management of Heart Failure): developed in collaboration with the American College of Chest

Physicians and the International Society for Heart and Lung Transplantation: endorsed by the Heart Rhythm

Society. Circulation 2005; 112:e154–e235.

Diastolic Heart Failure 239



depression). Pulmonary edema associated with atrial fibrillation and a rapid ventricular

response may respond to rate control with a beta-blocker or calcium channel blocker or in

more urgent situations to electrical or chemical cardioversion.

Blood Pressure Control and LVH Regression

In diastolic heart failure due to hypertension, blood pressure control is important to

prevent progression of left ventricular hypertrophy and possibly to promote its regression

(55,56). In addition, effective antihypertensive therapy may improve diastolic filling

properties, relieve the load on the left atrium, and help preserve sinus rhythm. Calcium

channel blockers may reduce symptoms of diastolic heart failure not only by lowering

blood pressure, but also by improving active, but not passive, ventricular relaxation (57).

Antagonists of the renin angiotensin system (e.g., ACE inhibitors and angiotensin receptor

blockers) may also improve ventricular relaxation, slow or reverse myocardial fibrosis and

decrease left ventricular mass (56,58). Treatment of hypertension in the elderly with either

diuretics or ACE inhibitors decreases the incidence of myocardial infarction, stroke and

heart failure, with the greatest benefits seen in patients with ischemic heart disease (59).

While there is no evidence that ACE inhibitors improve survival in diastolic heart

failure (12), the effect of an angiotensin receptor blockade on morbidity and mortality has

been tested in a large randomized controlled trial. The Candesartan in Heart Failure-

Assessment of Reduction in Mortality and Morbidity (CHARM)-Preserved Trial

randomly assigned 3,023 patients with mild-moderate heart failure and an ejection

fraction greater than 40% to receive candesartan (up to 32 mg daily) or placebo for a

median of three years (60). Baseline medical therapy included ACE inhibitors in 19%,

beta-blockers in 56%, and diuretics in 75%. Compared to placebo, candesartan reduced

heart failure hospitalizations (230 vs. 279, pZ0.017), but not cardiovascular deaths (170

vs. 170, pZ0.92). A smaller study of patients with diastolic dysfunction and a

hypertensive response to exercise demonstrated beneficial effects of losartan on exercise

capacity and quality of life (61). Taken together, these studies suggest that activation of the

renin-angiotensin system is an important target of therapy in diastolic heart failure. Data

from the Heart Outcomes Protection Evaluation (HOPE) Study also supports the use of

ACE inhibitors in high-risk patients with diabetes or evidence of vascular disease to

prevent the development of diastolic heart failure (62).

Anti-ischemic Therapy

Patients with left ventricular hypertrophy are prone to subendocardial ischemia, even in

the absence of coronary artery disease, due to supply–demand mismatch. Ischemia

increases myocardial diastolic stiffness and exacerbates diastolic dysfunction. Since most

coronary flow occurs in diastole, tachycardia with reduced diastolic filling time

compromises subendocardial perfusion. Therefore, heart rate control is considered central

to prevent or treat ischemia associated with diastolic heart failure. Beta-blockers and non-

dihydropyridine calcium channel blockers are useful negative chronotropic agents in this

setting. In patients with ischemic heart disease, percutaneous or surgical revascularization

may be indicated to treat ischemia. However, acute pulmonary edema may recur in as

many of 50% of patients despite successful revascularization (63).
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Rate and Rhythm Control

Due to increased LV diastolic stiffness, patients with diastolic dysfunction have reduced

passive LV filling in early and mid diastole and depend on an active atrial contribution to

late ventricular filling. Maintenance of sinus rhythm is important for achieving adequate

stroke volume and cardiac output. Electrical or chemical cardioversion should be

considered for all patients with diastolic dysfunction and atrial fibrillation, although long-

term survival may be similar whether a rate control or rhythm control strategy is used (64).

While awaiting therapeutic anticoagulation, beta-blockers, calcium channel blockers, or

digoxin may be used to control the ventricular response. Of these three, digoxin is the least

likely to control ventricular response in patients with increased sympathetic activity and

consideration should be given to combination therapy (e.g., digoxin and a beta-blocker). If

cardioversion is not successful and drug therapy controls ventricular response at the

expense of symptomatic bradycardia, pacing with or without ablation of the atrioventricular

junction should be considered. However, caution needs to be exercised in primary forms of

diastolic heart failure where stroke volumes are small and relatively fixed. In this setting,

cardiac output may be dependent upon relative tachycardia to maintain blood pressure, and

beta-blockers can lead to hemodynamic collapse. Furthermore, in patients with

hypertensive and/or ischemic heart failure, dyssynchrony associated with chronic right

ventricular pacing may contribute to disease progression and recurrence of atrial fibrillation

(65). With regard to the long-term effects of anti-adrenergic therapy, there have been no

large randomized controlled trials of beta-blockers in diastolic heart failure.

Exercise Training

The benefits of exercise training in patients with systolic heart failure are well documented

(see Chapter 4), and include improvements in exercise tolerance, symptoms and quality of

life as well as reverse ventricular remodeling (66). There are also data suggesting that

exercise training reduces morbidity (e.g., hospitalizations) and possibly mortality in heart

failure (67). Relevant pathophysiologic changes include an increase in the cardiac output

response to exercise, improved endothelial function and skeletal muscle metabolism,

reversal of ventilatory abnormalities and reduced sympathetic tone. There have been no

randomized controlled trials with adequate patient numbers to prove the benefits of

exercise training in patients with diastolic heart failure. However, exercise training

favorably affects the consequences of aging, hypertrophy and ischemia, which may

contribute to diastolic dysfunction (66). Furthermore, in patients with dilated

cardiomyopathy, exercise training has been shown to improve diastolic function (68).

Proposed mechanisms for reversal of diastolic dysfunction include reduced myocardial

collagen content, improved calcium handling, and more efficient energy utilization.

Table 7 Therapy to Improve Exercise Tolerance in Diastolic Heart Failure

Etiology Therapy

Hypertensive cardiomyopathy Angiotensin receptor blockade

Hypertrophic cardiomyopathy Nonsurgical septal reduction

Hemochromatosis Phlebotomy

Acromegaly Octreotide

Cardiac amyloidosis Stem cell transplant
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Beyond exercise training, therapies targeted to the underlying pathophysiology have

also been shown to improve exercise tolerance in selected patients with primary forms of

diastolic heart failure (Table 7).

NEW DIRECTIONS

Positive Lusitropes

In dogs with pacing-induced heart failure, intravenous infusion of BNP decreased LV end-

diastolic pressure and accelerated Tau (69), while intracoronary infusion of a BNP

receptor antagonist prolonged Tau (70). In an early clinical study, Clarkson et al. (71)

evaluated the effects of intravenous BNP on resting and exercise hemodynamics in

patients with diastolic heart failure. BNP did not affect resting hemodynamics, but

attenuated the rise in pulmonary capillary wedge pressure and mean pulmonary artery

pressure during exercise. Interestingly, endogenous BNP levels have been shown to

increase with exercise in hypertensive patients with diastolic heart failure and may

contribute to improved diastolic function (72). More recent studies with nesiritide

(recombinant human BNP) demonstrate favorable effects on symptoms and hemody-

namics in patients hospitalized with acute decompensated heart failure and either reduced

or preserved ejection fraction. However, caution is advised regarding the use of nesiritide

in normotensive patients as higher doses have been associated with symptomatic

hypotension and worsening renal function (73). Other novel strategies to improve diastolic

function in patients with heart failure and preserved ejection fraction include calcium

sensitization (74) and gene therapy to increase calcium handling proteins (75).

Vascular Stiffness and Anti-fibrotic Therapy

Left ventricular fibrosis leading to impaired relaxation is postulated to be a key feature in

diastolic heart failure. However, characteristic histopathologic changes have not been

defined and recent attention has turned to increased ventricular systolic and vascular

stiffness as a novel target of therapy (76). In large conduit arteries, degeneration of elastin

and an increase in collagen content result in vascular stiffness and increased pulse wave

velocity. In addition, advanced glycation end-products (AGE) contribute to cross-linking

of collagen and reduced susceptibility to the activity of matrix metalloproteinases. In turn,

AGE-related arterial stiffening may be accompanied by increases in ventricular systolic

and diastolic stiffness. ALT-711 is a novel compound that breaks AGE-related collagen

cross-links, and has been shown in animal models to decrease diastolic stiffness and aortic

pulse wave velocity (77). In patients with hypertension, ALT-711 increased arterial

compliance by 15% (78), while in patients with diastolic heart failure, ALT-711 improved

symptoms and reduced LV mass but had no effect on exercise tolerance (79).

Aldosterone has also been implicated in the development of myocardial and vascular

stiffness due to growth-promoting effects on vascular smooth muscle and increased

collagen deposition (80). Eplerenone, a selective aldosterone receptor antagonist, has been

shown to improve diastolic function in a rat model of heart failure (81). Mottram et al. (80)

randomized 30 overweight patients with hypertension and diastolic heart failure to receive

spironolactone 25 mg daily or placebo for 6 months. Spironolactone was associated with

increases in strain rate and peak systolic strain and a decrease in posterior wall thickness.

The effect of anti-fibrotic therapy with spironolactone on morbidity and mortality in

patients with diastolic heart failure is currently being tested in a large National Institutes of

Health sponsored study.
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INTRODUCTION

Pulmonary hypertension (PH) is defined as a mean pulmonary arterial pressure of

greater than 25 mmHg at rest or greater than 30 mmHg with exercise with a pulmonary

vascular resistance greater than 3.0 mmHg/l/min. Recently, the World Health

Organization convened a conference to re-classify PH based on underlying mechanisms

of pathophysiology and pathobiology. Thus, the old terminology of primary and

secondary PH has been replaced; the current classification subdivides PH into subgroups

of pulmonary arterial hypertension, which includes idiopathic pulmonary arterial

hypertension previously known as primary PH, or PH associated with connective tissue

disease and chronic systemic-to-pulmonary shunt, left heart disease, pulmonary vascular

disorders, hypoxemia or respiratory disorders, chronic thromboembolic disease, and

other miscellaneous disorders. The focus of this chapter is PH in the setting of

advanced heart failure, both from chronic systemic-to-pulmonary shunt and left heart

disease.

PATHOPHYSIOLOGY

As prescribed by Ohm’s law relating change in pressure to flow multiplied by resistance,

pulmonary arterial pressure is comprised of three components —flow, pulmonary vascular

resistance and pulmonary venous pressure in the following relationship: PA meanZ(Q!
PVR)CPpv, where Q is flow, PVR is pulmonary vascular resistance, and Ppv is

pulmonary vascular pressure. Ppv is clinically measured as the pulmonary capillary wedge

pressure. Thus, the pathophysiologic mechanisms driving PH development are: increased

pulmonary blood flow, rise in pulmonary vascular resistance, or rise in pulmonary

capillary wedge pressure. Heart failure can produce PH via several mechanisms,

depending on the underlying cause of disease. Dilated cardiomyopathy associated with left

ventricular dysfunction or mitral stenosis, for example, result in increased pulmonary
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venous pressure. Alternatively, congenital left to right intracardiac shunts produce

increased flow through the pulmonary vasculature with resultant PH. Interestingly,

previous research has shown that PH will not rise until pulmonary blood flow reaches

2.5 times normal (1).

PATHOLOGY AND BASIC SCIENCE

The earliest pulmonary pathologic finding in patients with elevated left heart filling

pressures is an edematous alveolar-capillary wall (2). Over time, the increased

intraluminal pressure alters the pathology of the pulmonary arteries with development

of intimal fibrosis, medial hypertrophy of the muscular pulmonary arteries, and extension

of the muscular layer into smaller branches of the arterial tree (3). The characteristic

plexiform lesion of pulmonary arterial hypertension is generally not present in PH due to

left heart disease, but is present in chronic systemic-to-pulmonary shunt (4). This

dissimilarity underlies the different pathophysiologic mechanisms for the development of

PH in these patient populations: the former with PH due to increased venous pressure and

the latter primarily due to increased flow.

Basic science work has pointed to multiple possible mechanisms that drive increased

pulmonary vascular resistance in patients with elevated left heart filling pressures. Nitric

oxide (NO), synthesized by NO synthase, has been noted to be an important mediator of

vascular tone in patients with PH. NO diffuses into adjacent smooth muscle cells where it

activates soluble guanylyl cyclase and subsequently increases cyclic guanosine

monophosphate (cGMP) levels. Elevated cGMP alters smooth muscle cell relaxation by

inhibiting calcium release from the sarcoplastic reticulum and other downstream pathways

(5). In human studies of normal controls and heart failure patients with normal PVR using

Ng-monomethyl-L-arginine (L-NMMA), a NO synthase inhibitor, vasoconstriction was

found after intrapulmonary infusion of the compound. Alternatively, when administered to

patients with heart failure and PH, L-NMMA resulted in an augmented vasoconstrictor

response (6). These and other data suggest that basal pulmonary arterial NO generation is

deficient in patients with PH and heart failure and that PH development in this patient

population may in part be due to loss of NO-dependent vasodilation (5,7,8). Our data

demonstrate that in heart failure, PDE5, the enzyme that degrades cGMP in the

vasculature, is markedly upregulated and limits NO/cGMP/PKG signaling. This

observation provides new insights as to the pathophysiology of this disease process,

suggesting that a loss of vascular reactivity in advanced heart failure may be due

interruption of normal signaling via PDE5 upregulation.

As has been shown to be important in left heart failure (9), the neurohormonal axis

plays a critical role in pulmonary vascular resistance in humans as well. Studies have

shown that lisinopril attenuates hypoxic vasoconstriction in humans (10). This and

additional data confirm the importance of the renin-angiotensin-aldosterone system to PH

(11). A detailed discussion of the neurohormonal axis in heart failure can be found in the

chapters of vasodilators, diuretics, and beta-blockers in this publication.

Additionally, research has suggested that angiotensin II, a potent pulmonary

vasoconstrictor (12), promotes activated endothelin, which regulates vascular tone (13).

The two sub-types, endothelin-1 (ET-1) and endothelin-2 (ET-2), exert their effects on the

pulmonary vasculature via the endothelin A (ETA) and endothelin B (ETB) receptors.

ETA receptors are located on vascular smooth muscle cells and mediate growth and

vasoconstriction, whereas ETB receptors are found on vascular endothelial cells and

promote vasodilation via release of NO and prostacyclin (5,7,14). ET-1 levels have been
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shown to be elevated in patients with PH due to congenital heart disease as well as

idiopathic and secondary PH (15,16). In patients with severe heart failure, ET-1 levels

have been shown to correlate with pulmonary vascular resistance and pulmonary arterial

pressures, suggesting the clinical importance of this molecule in patients with left

ventricular failure (17). Moreover, direct infusion of the ETA selective antagonist

sitaxsentan into the pulmonary arteries of patients with chronic heart failure resulted in

dose-dependent decrease in PVR, suggesting a causative role for endothelin in

development of PH in patients with heart failure (18).

EPIDEMIOLOGY AND CLINICAL EVALUATION

The prevalence of PH in patients with congestive heart failure is 25%–50% (19–21). In

one study evaluating patients with dilated cardiomyopathy by echocardiography, 26% had

an estimated pulmonary arterial systolic pressure greater than 40 mmHg (19), while

invasive hemodynamics in a similar patient population estimate a prevalence at 44% (22).

PH in patients with congestive heart failure has been linked to prognosis. In the

echocardiographic study by Abramson et al. 89% of affected patients either died or were

hospitalized at 28 mo, compared with 2% of patients without PH (19). Cappola et al. found

that mean systemic pressure and mean pulmonary arterial pressure were the most

important hemodynamic predictors of mortality in a diverse group of patients with the new

diagnosis of cardiomyopathy (23).

History

Symptoms due to PH may be difficult to differentiate from those attributable to underlying

cardiac dysfunction. Classic symptoms of PH include fatigue, lethargy, dyspnea, and

exertional syncope due to an inability to augment cardiac output during exercise. In

addition, patients may also experience exertional angina from right ventricular

hypertrophy with insufficient vascular supply. This pain is not easily distinguished from

typical angina associated with coronary flow limitation from atherosclerotic coronary

disease. Less frequent symptoms include cough, hemoptysis and hoarseness. Recurrent

laryngeal nerve irritation from pulmonary artery enlargement can result in hoarse voice,

known as Ortner’s syndrome (24). When overt right heart failure is present, lower

extremity edema and ascites are also prominent physical findings.

The nature of the cardiac derangement and its duration are central to understanding

an individual patient’s potential to be successfully treated. Barriers to alleviation of

persistent elevation in left heart filling pressures should be identified during the history,

with particular attention to determination of reversible ischemia and valvular

heart disease.

While it is often evident clinically that PH is due to elevated left heart filling pressures

or underlying congenital heart disease, consideration should be given to other conditions

that may either be confused with PH associated with left heart disease or may be

concomitantly present. Although right heart catheterization is essential to the evaluation of

this disorder, history and physical examination frequently give clues to other underlying

etiologies. A history of hypoxemic lung disease or sleep disordered breathing may point to

PH associated with intrinsic lung disease, obesity or congestive heart failure. Similarly, in a

patient with multiple risk factors or a suggestive history for pulmonary embolism, chronic

thromboembolic disease should be investigated. Additional factors that may be associated
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with pulmonary arterial hypertension, including HIV, thyroid or liver disease, anorexogen

use, or collagen vascular disease should be queried.

Physical Examination

Physical examination findings depend on the severity of the disorder in the pulmonary

vasculature and the degree of right ventricular dysfunction (25). In all subtypes of PH a

loud P2 is frequently heard, and as the right heart dilates a tricuspid regurgitation murmur

is present. A right-sided third or fourth heart sound may be present depending on the

severity of right heart decompensation. Additional findings may include a right ventricular

heave, jugular venous pressure elevation and prominent “v” waves, ascites and peripheral

edema (24). These physical findings are general to PH and their manifestation may be

overshadowed in patients with other prominent findings such as valvular heart disease or

left ventricular dysfunction.

Echocardiography

Essential to the evaluation of the patient with clinical left heart failure or congenital

heart disease, echocardiography can also suggest the presence of PH. PH is often

implied by an elevated tricuspid regurgitant jet velocity. The degree of left ventricular

dysfunction by echocardiography has been shown not to correlate with the presence of

PH in studies comparing echocardiographic data with right heart catheterization

(20,22). In a study by Capomolla et al., in which patients with decompensated heart

failure underwent echocardiography and right heart catheterization, the degree of

catheter measured PH was found to correlate closely to the echocardiographic diastolic

early and late atrial filling ratio (E/A ratio) (22).

Laboratory and Radiologic Evaluation

The goal of laboratory and radiologic studies is to confirm that PH is due to advanced left

heart failure or systemic-to-pulmonary shunting. Thus testing should be judiciously

applied as indicated by history and physical examination. In excluding alternative

diagnoses to PH due to left heart disease, serologic studies should be ordered for patients

with a suspicion of collagen vascular disease, HIV, or hepatitis. Chest computed

tomogram to evaluate interstitial lung disease or emphysema may be warranted if

symptoms or previous radiographs are suggestive. Lastly, ventilation perfusion scan and,

if needed, pulmonary angiogram should be performed in those patients with a suggestive

history of pulmonary embolism.

Differential Diagnosis

Certain processes can be challenging to differentiate from PH associated with left heart

disease. Pulmonary veno-occlusive disease is a rare disorder characterized by extensive

occlusion of pulmonary veins and venules by fibrous tissue. Classically chest computed

tomography of this disorder shows ground glass opacities as well as pleural effusions

that could be confused with pulmonary venous hypertension due to left heart disease

(26). This diagnosis should be considered in patients with radiographs consistent with

congestive heart failure with normal left ventricular function on examination and
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echocardiography. Pulmonary capillary hemagiomatosis, which may appear radio-

graphically similar to pulmonary veno-occlusive disease, is characterized by capillary

proliferation invading pulmonary interstitium and vessels with resultant vascular

occlusion and PH (26). Patients generally present with recurrent hemoptysis in addition

to the usual symptoms of PH. These diagnoses require surgical biopsy to confirm.

Right Heart Catheterization

The cornerstone of the evaluation of PH in left heart disease remains the right heart

catheterization. PH is diagnosed when the mean pulmonary arterial pressure is greater than

25 mmHg at rest or 30 mmHg with exercise or when the PVR is O3.0 Wood units. An

elevated pulmonary capillary wedge pressure confirms that the etiology is due to left heart

disease. Frequently depressed cardiac index and low mixed venous saturation are found.

The degree of the PH depends on the chronicity of the insult in the pulmonary vasculature.

The normal adult right ventricle is capable of generating systolic pressures of 45 to 50 mm

Hg in the setting of an acute increase in afterload, as in acute pulmonary embolism. Right

ventricular failure ensues if afterload is further increased (21). In a hypertrophied right

ventricle, systolic pressures of 80–100 mmHg are possible; however with an ischemic,

infracted, or myopathic process, the right ventricle is not capable of producing such

elevated pressures and failure occurs at lower mean pulmonary arterial pressures (21).

Equally important as confirming the presence of PH is the determination of

reversibility, as this establishes a patient’s eligibility for cardiac transplantation. While a

number of agents have been used to determine reversibility, the most commonly

administered in the evaluation of left heart failure are dopamine, dobutamine, and

milrinone. All of these medications have direct vasodilatory effects on the pulmonary

vasculature in addition to acting as positive inotropes with subsequent decrease in left

atrial filling pressure. Milrinone is the most potent pulmonary vasodilator, followed by

dobutamine and dopamine respectively. While oxygen, NO, and nitroprusside can result in

pulmonary vasodilation, they are not as potent as the inotropes. Pulmonary vascular

resistance has traditionally been used to determine appropriate candidates for

transplantation, with a PVR of 3 Wood units or less at rest or with maximal vasodilation

being optimal (27).

MANAGEMENT

Medical Management of Pulmonary Hypertension
Associated with Left Heart Disease

Despite the prevalence of PH in patients with advanced cardiac failure, there is a paucity of

clinical data directed specifically at its treatment. Generally accepted management

strategies, published reports, as well as possible future therapies will be discussed below.

General Considerations

Recalling Ohm’s law, PVR is closely linked to pulmonary vascular pressure, or left atrial

filling pressure. As PH in patients with left heart failure is closely linked to pulmonary

capillary wedge pressure, it stands to reason that the mainstay of management of PH in

patients with left heart failure is normalization of the wedge pressure (20). A retrospective

review of patients admitted to the hospital with heart failure exacerbations and secondary

PH with pulmonary arterial catheters in place, showed improved hemodynamics including
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mean pulmonary arterial pressure, cardiac index, and improved symptoms in patients

treated with nesiritide which lowered pulmonary capillary wedge pressure (28). Thus,

close attention must be paid to optimization of fluid status and lowering filling pressures in

those with PH due to left sided heart failure.

As hypoxia can contribute to vasoconstriction, it is recommended to normalize

PaO2 in all patients with PH, such that the oxygenation saturation is 90% or greater or the

PaO2 is O60 mmHg (29).

Calcium channel blockers, while helpful in the management of vaso-responsive

pulmonary arterial hypertension (30), are not specifically used to treat PH due to left heart

disease. As in general heart failure therapy, calcium blocking agents remain indicated only

when systemic hypertension persists despite maximal neurohormonal blockade.

The Neurohormonal Axis

The neurohormonal axis should be treated, including spironolactone, afterload reduction

with ACE-inhibitors or ARBs, and beta-blockers when tolerated. While there are no

survival data to support their use in human PH associated with left heart dysfunction, ACE

inhibitors have been shown in animal models of PH to attenuate pulmonary pressor

response (10).

Inotropes

Inotropes are frequently used in the hemodynamic evaluation of PH to determine

vasoreactivity. Chronic inotrope infusion, with a goal of increasing myocardial

contractility, decreasing wedge pressure and subsequently decreasing pulmonary vascular

resistance, has also been evaluated (31–34). Of the three most frequently used inotropes—

dopamine, dobutamine and milrinone—milrinone appears to be the most potent

pulmonary vasodilator (31,35). While long term oral milrinone has been associated

with an increased mortality in patients with severe heart failure in the pre-AICD era, the

use of milrinone infusion has been advocated as a treatment for elevated pulmonary

vascular resistance in cardiac transplant candidates. Indeed, milrinone has been shown to

decrease pulmonary artery pressure, pulmonary capillary wedge pressure and pulmonary

vascular resistance in patients with chronic infusions from 24–63 days (33,34). Similar

findings have been described with dobutamine in a head-to-head comparison with

milrinone; dobutamine was less expensive and associated with similar outcomes (34).

While not recommended as standard therapy for all patients, chronic inotrope therapy can

be useful in a select group awaiting cardiac transplantation with rising or already elevated

pulmonary vascular resistance, as a means of dropping pulmonary resistance and thereby

improving transplant suitability. In patients who are not transplant candidates, chronic

inotrope therapy can be useful for symptomatic relief as a palliative intervention.

Endothelin-Receptor Antagonists

Given the importance of endothelin in PH associated with left heart failure in both animal

models and humans, the use of endothelin-receptor blockers has been investigated in

patients with heart failure. Unfortunately the results have been less promising than animal

data would suggest (36). The ENABLE (Endothelin Antagonist Bosentan for Lowering

cardiac Events in heart failure) study was a phase 3 evaluation of low-dose bosentan, a

non-selective ETA and ETB antagonist, in patients with chronic heart failure and an

ejection fraction !35%. In this study, 1613 patients were randomized to placebo or

bosentan at 125 mg daily with a mean length of follow up of 18 mo. There was no
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difference in the primary endpoint of all-cause mortality or hospitalization between the

two groups; however, there was an increase in early worsening of heart failure

necessitating hospitalization in the bosentan treatment arm (37). Similar early worsening

of heart failure was noted in the REACH-I (Research on Endothelin Antagonism in

Chronic Heart failure) Study, which randomized patients with heart failure and an ejection

fraction !35% to high dose (500 mg twice daily) bosentan or placebo. Additionally, this

trial was stopped early due to worsening liver function abnormalities in the treatment arm.

In those patients who completed the study protocol of 26 wk, there was a significant

improvement in the NYHA class in the treatment group (38). However, none of these

studies specifically targeted patients with PH or measured hemodynamics. Moreover,

these trials involved the use of agents that were nonselective in their antagonism of the

ETA and ETB receptors. It is possible that selective antagonism of the ETA receptor will

prove superior to non-selective antagonists with respect to PH. From our own experience,

endothelin antagonists such as bosentan can be helpful in the treatment of patients with PH

secondary to non-systolic heart failure with well-managed volume status.

Prostacyclin Analogs

Other therapies that have been proven successful in pulmonary arterial hypertension have

been attempted in patients with PH due to left heart failure, including prostacyclin. The

acute administration of epoprostanol, a prostacyclin analog, to patients with heart failure

and secondary PH has been shown to improve hemodynamics (39–41). Unfortunately, the

results of the FIRST (Flolan International Randomized Survival Trial) trial showed an

increased mortality in patients with left heart failure treated long term with epoprostanol in

the pre-AICD era. The positive inotropic action of prostacyclin at therapeutic doses is

hypothesized to explain the increased mortality seen in patients with heart failure treated

with this drug (40). In patients with heart failure and secondary PH, iloprost, an inhaled

prostacyclin analog, has been shown to have beneficial effects on hemodynamics,

including decrease in mean pulmonary artery pressure and increase in cardiac index;

however, long term data are lacking currently in this patient population (42).

Future Directions

PDE5 inhibitors such as sildenafil, which increase intracellular cGMP and subsequently

promote vascular relaxation, may be shown to be useful in the long-term therapy of PH

associated with left heart failure. A hemodynamic study of 14 patients with heart failure

who were administered 25 mg or 50 mg thrice daily sildenafil for 24 hr showed a marked

drop in pulmonary vascular resistance and a decrease in pulmonary artery pressure, with a

trend to greater improvement in the group with the higher dose. The drug was safe and well

tolerated in this patient population (43). At our institution we have treated patients with

severe left heart disease and associated PH with sildenafil and found success in dropping

pulmonary vascular resistance as well as decreasing the need for inotrope therapy or

ventricular assist device placement. Long-term trial data in large numbers of patients is

lacking at this time, however this may prove to be an exciting venue for future

therapeutic options.

Medical Management of PH Associated with Chronic
Systemic-to-Pulmonary Shunt

There is significantly more data for the management of pulmonary arterial hypertension

associated with chronic systemic-to-pulmonary shunt, as this disorder is associated with
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similar pathologic findings as the other causes of pulmonary arterial hypertension and has

been included in trials of numerous medications for this disorder. While the numbers of

included patients remain small, the results are promising.

General Considerations

In a patient with a chronic systemic-to-pulmonary shunt, consideration should be given to

correction of the shunt, if possible, to diminish flow through the pulmonary vasculature.

Often, at the time the patient presents, this is not technically possible or the procedure

poses excessive risk to the patient. As above, correction of hypoxemia is indicated

whenever possible. Additionally, limited data suggest benefit to anticoagulation in patients

with pulmonary arterial hypertension whenever possible, with a goal international

normalized ratio of 1.5–2.5 times normal (30,44–46). Similarly, as described above for

patients with PH associated with left heart disease, optimization of fluid status is

paramount to symptom relief as well as to improvement in hemodynamics.

Prostacyclin Analogs

The prostacyclin analog epoprostanol has been shown to improve mortality in patients

with idiopathic pulmonary arterial hypertension (47). In chronic systemic-to-pulmonary

shunt, mortality benefit has not been described with this drug. However, in a study of 20

patients with NYHA class II-IV congenital heart disease and PH treated with continuous

infusion of epoprostanol for one year, mean pulmonary artery pressure fell by 21%, and

cardiac index and pulmonary vascular resistance improved. Importantly, NYHA

functional class and exercise capacity improved (48). Similar improvement in functional

capacity has been noted in this patient population when treated with oral beraprost, which

is not available in the United States at this time (49). Inhaled iloprost has not yet been

evaluated in patients with congenital left-to-right shunt. In general, epoprostanol has been

reserved for the sickest patients as it requires an in-dwelling catheter and has significant

side effects. The risks associated with this therapy and the alteration in quality of life is

only outweighed by the survival benefit in those patients with severe pulmonary

arterial hypertension.

Endothelin-Receptor Antagonists

The non-selective ETA and ETB receptor antagonist bosentan has been shown to be

effective in idiopathic pulmonary arterial hypertension and that associated with systemic

sclerosis (50). Recent data now supports its use in PH associated with congenital heart

disease and left-to-right shunt. In an open label noncontrolled trial, patients with

congenital heart disease and systemic to pulmonary shunt with associated class II–IV PH

received weight-based dosing of oral bosentan, ranging from 31.25 to 125 mg twice daily

for 16 wk. An improvement was found in WHO class, exercise tolerance, and mean

pulmonary artery pressure (51). A mortality benefit was not found in this short-term trial.

Monthly transaminases should be measured in patients receiving this medication to

monitor rare and generally reversible hepatotoxicity.

PDE5 Inhibition

Chronic PDE5 inhibition via sildenafil has been shown to be an effective short-term

vasodilator in patients with pulmonary arterial hypertension (52). New data show the

efficacy of this therapy chronically in patients with pulmonary arterial hypertension. In the
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SUPER trial, placebo or sildenafil was administered at 20, 40, or 80 mg orally three times

daily to patients with class I–IV pulmonary arterial hypertension, some of whom had

underlying systemic-to-pulmonary shunt. After one year of therapy, there was an increase

in 6 mo walk time and improvement in pulmonary vascular resistance in the treatment

group (52a). Overall, bosentan and sildenafil are good choices for patients with less

advanced symptoms, e.g. class II or III. Given their low risk profile and potential

benefit, bosentan and sildenafil are recommended as first line therapy for patients with

class II or III symptoms. In patients who fail with a single agent, the two drugs can

be combined.

Surgical Management

Surgical Management of Advanced Left Heart Failure

While cardiac transplantation remains the definitive management for patients with

refractory advanced left heart failure, new procedures may offer improved quality of life

for patients with associated PH who may not yet qualify or are not candidates for

transplantation. A recent case report by Healey et al. described a 63 yr old woman with a

non-ischemic dilated cardiomyopathy, refractory heart failure and a widened QRS

complex who had right heart catheterization before and five months after an atrio-

biventricular pacemaker placement. Prior to the device placement she had no response to

inhaled NO and a PVR of 10.1 Wood units; after 5 mo her PVR had dropped to 4.5 Wood

Units. Wedge pressure was 26 mmHg and 15 mmHg respectively (53). This report

suggests there may be a role for cardiac resynchronization therapy in management of PH

associated with advanced left heart disease.

More invasive procedures, such as ventricular assist devices, have been evaluated

for the management of advanced left heart failure with PH (54,55). A European trial of left

ventricular assist devices as a bridge to transplantation followed six patients with mean

pulmonary arterial pressure 25 mmHg or greater for six months after device placement.

They were able to demonstrate decreased PVR and decreased systolic pulmonary

pressures (54). Right ventricular assist devices, while commonly used post-operatively

from cardiac surgery, have not been studied in the chronic setting for management of left

heart disease with fixed PH (56). Cardiac support devices, which are surgically placed

mesh sleeves that surround the heart and reduce stress-mediated myocardial stretch, have

not yet been shown to improve pulmonary hemodynamics in patients with moderate

congestive heart failure and cannot be advocated as management for PH associated

with left heart disease at this time (57), but show promise and warrant further

investigation.

The gold standard for management of refractory left heart failure is cardiac

transplantation. Pre-operative PH is a predictor of mortality with cardiac transplantation

(58–60), thus precluding many patients from undergoing this procedure. Currently,

most clinicians consider a PVR of 6 Wood units or greater than 3 Wood units with

maximal vasodilation to be a contraindication to transplantation (27). In a patient with

unacceptably high PVR, therapies discussed in medical management, such as inotrope

infusion or ventricular assist device, should be considered. Nonetheless, replacement of

the failing left ventricle can markedly improve pulmonary hemodynamics. Previous

authors have shown by echocardiography and invasive hemodynamic measurements

that there is resolution of elevated PVR and right ventricular dysfunction after cardiac

transplantation (61).
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Surgical Management of Pulmonary Hypertension Associated

with Systemic-to-Pulmonary Shunt

In patients with advanced heart failure due to systemic-to-pulmonary shunt, the

gold standard of management is cardiac transplantation. In those patients who have

associated PH, heart-lung transplantation is indicated, as without transplanted lungs the

new heart would develop right ventricular failure when faced with the afterload of a

remodeled pulmonary vasculature. Outcomes for this population of patients undergoing

transplantation are unchanged from the general population (62). Patients with intermediate

elevations of PVP may be considered for heterotopic heart transplantation (piggy back

heart), allowing the new and old heart to eject into the pulmonary vascular bed.
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PART III: DEVICE THERAPY

15
Cardiac Resynchronization Therapy

Michael O. Sweeney
CRM Research and Cardiac Arrhythmia Service, Brigham and Women’s Hospital,
Harvard Medical School, Boston, Massachusetts, U.S.A.

A HEART FAILURE EPIDEMIC

There are 4–5 million people living with chronic heart failure and an additional 400,000

newly diagnosed yearly (1–3). The incidence of heart failure is 10 per 1000 for individuals

that are over 65 yr of age. The increasing incidence of heart failure is due primarily to the

advancing age of the population with coronary artery disease, which is now the principal

cause of heart failure associated with reduced ventricular function (dilated cardiomyo-

pathy, DCM) (4). Mortality due to progressive heart failure associated with DCM has

declined. In the Framingham study total mortality was 24% and 55% within 4 yr of

developing symptomatic heart failure for women and men, respectively (4). These

statistics approximate well the natural history of heart failure as the subject population was

untreated by contemporary standards. Recognition of the beneficial effects of ACE

inhibitors, diuretics, digoxin and beta-blockade has yielded substantial reductions in

mortality due to progressive pump failure. However, despite these improvements in

medical therapy, symptomatic heart failure still confers a 20–25% risk of premature death

in the first 21⁄2 yr after diagnosis.

ABNORMAL ELECTRICAL TIMING IN HEART FAILURE
ASSOCIATED WITH DCM

Disordered electrical timing frequently accompanies heart failure associated with DCM.

Disordered electrical timing alters critical mechanical relationships that further impair

left ventricular (LV) performance. It is now recognized that there are 4 levels of electro-

mechanical abnormalities associated with heart failure due to DCM.

Prolonged Atrioventricular (AV) Delay

Optimal AV coupling is necessary for maximum ventricular pumping performance. The

normal AV interval results in atrial contraction just before the pre-ejection (isovolumic)

period of ventricular contraction that maximizes ventricular filling (LV end diastolic
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pressure, or pre-load) and cardiac output by the Starling mechanisms. This optimal timing

relationship also results in filling throughout diastole, prevents diastolic mitral

regurgitation (MR) and maintains mean left atrial pressure at low levels (Fig. 1).

Alterations in the AV coupling can be understood by analysis of Doppler mitral

inflow patterns (Fig. 2). Prolonged AV conduction disrupts these relationships and may

degrade ventricular performance. Significantly prolonged AV conduction results in

displacement of atrial contraction earlier in diastole such that atrial contraction may occur

immediately after, or even within, the preceding ventricular contraction. This may result in

atrial contraction before venous return is completed and reduce the atrial contribution to
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Figure 1 Events of the cardiac electrical cycle. Atrial contraction followed by relaxation produces

a negative pressure gradient, causing a surge of blood in the LV at end diastole. Reversal of the AV

pressure gradient initiates MV closure because of a rapid decrease in pressure between the MV cusps

pulling them into apposition. A brief period of isovolumetric contraction exists after MV closure and

before AV opening during which the max rate of pressure change (peakCdP/dt) occurs. Rapid

ejection occurs during ventricular systole and is terminated when ventricular pressure falls below

aortic pressure, closing the AV. A brief period of isovolumic relaxation follows during which the

max rate of pressure decline (peak-dP/dt) occurs. As the LV pressure continues to decline and fall

below atrial pressure, the MV opens and diastolic ventricular filling begins. Normal diastolic filling

is characterized by an initial rapid increase in ventricular filling during early diastole followed by a

slow phase of filling during mid-diastole. A second rapid increase in ventricular filling occurs in late

diastole as a result of atrial contraction.
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pre-load, thereby diminishing ventricular volume and contractile force. Early atrial

contraction may also initiate early mitral valve closure, limiting diastolic filling time.

Diastolic MR may also occur with prolonged AV conduction because of premature and

incomplete mitral valve closure (Fig. 3).

Interventricular and Intraventricular Delay

Normal ventricular electrical activation is rapid and homogeneous with minimal temporal

dispersion throughout the wall. This elicits a synchronous mechanical activation and

ventricular contraction. Exploration of the link between the sequence of cardiac electrical

activation and mechanical function is one of the most exciting contemporary areas of

research in heart failure. But recognition of the importance of normal ventricular

activation patterns for optimal pumping function dates back 75 years. Wiggers observed

that asynchronous delayed activation of the ventricular musculature induced by electrical

Figure 2 Doppler mitral inflow patterns. This figure shows LV filling velocities from a patient with

dilated cardiomyopathy, LBBB and first degree AVB, recorded at the level of the mitral leaflet tips

(apical window) with pulsed-wave Doppler. The mitral flow velocity curve is composed of the peak

initial velocity (E wave) and the velocity at atrial contraction (A wave). This comprises the diastolic

filling period, which is the interval from the onset of the E velocity to the cessation of the A velocity.

Note characteristic EA fusion due to the combined effects of delayed LV activation (LBBB) and

delayed AV conduction (first degree AVB).

Figure 3 Schematic representation of hemodynamic effects of prolonged native atrioventricular

conduction on left ventricular performance.
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stimulation had adverse hemodynamic consequences in mammals and proposed that the

more muscle activated before excitation of the Purkinje system, the greater the asynchrony

and the weaker the resulting contraction (5). Forty years later RC Schlant reached similar

conclusions and stated that asynchronous ventricular activation imposed by significant

interventricular conduction delay left bundle branch block (LBBB) was hemodynamically

disadvantageous due to loss of the “idioventricular kick” (6). This is a term applied to

improved systolic function attributed to the greater stretch and increased contractility of

later contracting areas imparted by earlier contraction of other areas of the ventricle.

Chronic DCM is often accompanied by delayed ventricular electrical activation

manifested as prolonged QRS duration (QRSd), most commonly in the form of LBBB.

The prevalence of prolonged QRSd in heart failure associated with DCM varies but

appears to be in the range of 25–50%. Prolonged QRSd is a potent predictor of mortality in

heart failure associated with DCM. In the VEST study, which assessed the efficacy of

vesnarinone in patients with DCM and Class II–IV heart failure, age, creatinine, ejection

fraction, heart rate, and QRSd were found to be independent predictors of mortality.

Cumulative survival from all-cause mortality decreased proportionally with QRSd. The

relative risk of the widest QRSd group was 5 times greater than the narrowest (7). The

association between LBBB in DCM and increased risk of sudden death and total mortality

in DCM has subsequently been demonstrated in large population studies (8).

Optimal inter- and intra-ventricular coupling is more important than AV coupling

for maximum ventricular pumping function. Interventricular coupling refers to

coordinated contraction of the right ventricle (RV) and the left ventricle (LV).

Interventricular delay refers to a relative delay in mechanical activation of each

ventricle, most commonly LBBB where the RV begins its contraction before the LV.

The delay in onset of LV activation results in reversal of the normal sequence between

RV and LV mechanical events that persists throughout the cardiac cycle (9).

Asynchronous ventricular contraction and relaxation results in dynamic changes in

ventricular pressures and volumes throughout the cardiac cycle. This results in abnormal

septal deflections that alter the regional contribution to global ejection fraction. Earliest

ventricular depolarization is recorded over the anterior surface of the RV and latest at

the basal-lateral LV. In canine models with induced LBBB, increasing the delay

between RV and LV contraction increases the delay between the upslope of LV and RV

systolic pressure. The increase in interventricular delay was associated with decreased

LV CdP/dt and decreased stroke work, presumptively the result of ventricular

interdependence and impairment of the septal contribution to LV ejection due to

displacement after onset of RV ejection (10).

Pacing models can be used to induce asynchronous ventricular activation, with early

activation occurring at the pacing site (11,12). Regions of late activation are subject to

greater wall stress and develop local myocyte hypertrophy accompanied by reductions in

sarcoplasmic reticulum calcium-ATPase and phospholamban (13). Chronic asynchronous

ventricular activation redistributes the mechanical load within the ventricular wall and

leads to reduction of blood flow and myocardial wall thickness over the site of early

activation (12,14). This ventricular remodeling may contribute to progression of heart

failure. In addition to these effects, delayed, sequential activation of papillary muscles may

aggravate MR (15).

Intraventricular Delay

The third level of synchrony exists within each ventricle. Rapid spread of contraction from

the LV septum endocardially to the base of the heart creates coordinated, efficient
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contraction. With LBBB, and delayed propagation of the electrical impulse across the LV,

the septum begins contraction substantially earlier than the lateral wall. When one

segment of the ventricle, such as the septum, contracts earlier than another segment, such

as the lateral wall, the lateral wall stretches, absorbing some of the initial force, then

begins its late contraction, stretching the septum. Shortening of earlier activated regions is

wasted work because pressure is low and no ejection is occurring. Delayed shortening of

late activated regions occurs at higher wall stress because the early regions have already

developed tension, yet it is also characterized by wasted work because the early regions

may now undergo paradoxical stretch. The resulting contraction is mechanically

inefficient, with diminished ejection at an increased metabolic cost. This is accompanied

by increased end systolic volume and wall stress and reduced LV CdP/dt and diastolic

filling time. The net result is an acute decline in systolic function of about 20%.

Intramural Delay

Studies of activation maps have shown different activation timing and sequence between

endocardial and transmural activation. This suggests the possibility of intramural

activation delay between the endocardial and myocardial layer (16). The negative effects,

if any, of intramural delay on ventricular pumping function, are uncertain.

CARDIAC RESYNCHRONIZATION THERAPY (CRT)

Recognition of the contribution of disordered electrical timing to reduced venticular

performance suggested the possibility that pacing techniques could favorably modulate

contractile dyssynchrony and delayed AV timing. The fundamental premise of this

therapeutic strategy is that LV pre-excitation may correct inter- and intra-ventricular

conduction delays and permit optimization of left-sided AV delay, thereby improving

ventricular pumping function.

The first report of the potential hemodynamic benefit of left univentricular pacing

used epicardial leads placed on the high right atrium and lateral LV free wall during surgery

for aortic valve replacement in patients with LBBB (17). De Teresa et al. (17) noted that LV

ejection fraction was maximal when septal motion was simultaneous with free wall

contraction and diminished when septal and free wall motion were dyssynchronous, such as

during spontaneous activation with LBBB or during right ventricular (RV) apical pacing.

The term “cardiac resynchronization” was first used 10 years later when Cazeau et al. (18)

used epicardial leads on all 4 cardiac chambers to modify the ventricular activation

sequence and improve hemodynamic performance in heart failure due to DCM

accompanied by LBBB.

Mechanisms of CRT

Improved Pumping Function: AV Optimization and Ventricular Resynchronization

Correction of physiologically disadvantageous prolonged AV conduction (AV

optimization) can be achieved with LV pre-excitation. Optimization of the AV interval

during CRT can be demonstrated by examining mitral flow velocity curves using

2-D echocardiography.

When LV pre-excitation is inadequate, the result is similar to a prolonged AV

interval as shown in Fig. 3. Note atrial contraction occurs too early and does not contribute

to increased LVEDP (absence of A wave on mitral inflow velocity). Atrial contraction

occurs before venous return is completed causing reduced ventricular volume and
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contractile force. It may also initiate early mitral valve closure, thereby limiting diastolic

filling time. Diastolic MR may also occur because once closed, the mitral valve may drift

open again before ventricular contraction.

When the programmed AV interval is too short, LV pre-excitation occurs too early

relative to atrial systole (Fig. 4). Note that filling occurs throughout all of diastole. With a

long AV delay, atrial contraction now occurs simultaneously with LV contraction

resulting in increased left atrial pressure and loss of atrial contribution to ventricular

systole, reducing cardiac output. A shorter AV interval lengthens the diastolic filling

period by abolishing premature mitral valve closure due to the LV-left atrial pressure

gradient seen with long AV delays. This also eliminates diastolic MR. However, the

diastolic filling period should not be used as the only guideline to optimize the AV

interval. Despite optimization of the diastolic filling period, hemodynamic deterioration

will occur at too short an AV interval if atrial contraction occurs against a closed mitral

valve. This could result in a decrease in cardiac output and increase in mean left atrial

pressure despite optimization of the diastolic filling period.

LV pre-excitation at the optimal AV interval is shown in Figure 5. The relation of

atrial contraction to the onset of ventricular contraction is now optimal, resulting in

diastolic filling throughout the entire diastolic filling period. An appropriate relation now

exists between mechanical left atrial and LV contraction so that mean left atrial pressure is

maintained at a low level with left atrial contraction occurring just before LV contraction.

Figure 4 Schematic representation of hemodynamic effects of too short an atrioventricular

interval on left ventricular performance.

Figure 5 Schematic representation of hemodynamic effects of optimal atrioventricular interval on

left ventricular performance.
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This causes an increase in LVEDP (preload) and cardiac output. Note diastolic MR is

eliminated and systolic MR is reduced.

Acute hemodynamic studies have shown that AV delay is a significant determinant

of changes in all LV systolic parameters (CdP/dt, aortic systolic pressure, aortic pulse

pressure) (19). For CRT “responders” (see below) LVCdP/dt and aortic pulse pressure

AV delay functions are positive and unimodal, with a peak effect at approximately 50% of

the native PR interval. The optimal AV delays for the same pacing chamber and parameter

vary widely among patients and often differed for pulse pressure and LVCdP/dt within an

individual (19). The acute increase in LV CdP/dt with optimal AV delay may be in the

range of 15–45% (19,20).

The hemodynamic benefit of LV pre-excitation is primarily due to ventricular

resynchronization rather than AV optimization. The decreased LVCdP/dt and

decreased stroke work associated with interventricular delay can be eliminated by

CRT (10) and improvements in RV to LV delay correlate with improvements in EF

(21). Furthermore, CRT improves pumping function while decreasing myocardial

energy consumption (22).

Reverse Left Ventricular Remodeling

In addition to improvement in acute hemodynamic performance, it has now been clearly

demonstrated that CRT improves chronic LV pumping function. This improvement is

accompanied by Doppler echocardiographic (conventional two-dimensional and tissue

imaging) evidence of reverse LV remodeling (23–25). These remodeling effects include

reduction in LV volume, redistribution of cardiac mass, reduced mitral orifice size and

reduced MR.

Other Effects of CRT: Reduction in Functional Mitral Regurgitation

Functional MR frequently accompanies DCM and results from an imbalance between the

closing and tethering forces that act on the mitral leaflets as elegantly described by

Breithardt et al. (15). This is strongly dependent on alterations in ventricular shape as the

tethering forces that act on the mitral leaflets are greater in dilated, more spherical

ventricles. These geometric changes alter the balance between tethering and closing forces

and impede effective mitral closure. Ventricular dilatation and increased chamber

sphericity increase the distance between the papillary muscles to the enlarged mitral

annulus as well as to each other, restricting leaflet motion and increasing the force needed

for effective mitral valve closure. This mitral valve closing force is determined by the

systolic LV pressure-left atrial pressure difference, which is called the transmitral pressure

gradient. Under these conditions, the mitral regurgitant orifice area will be largely

determined by the phasic changes in transmitral pressure. Increasing the transmitral

pressure can reduce the effective regurgitant orifice area. CRT acutely reduces the severity

of functional MR and this reduction is quantitatively related to an increase in LVCdp/dt

max and transmitral pressure (15). This is distinct from the reduction in MR due to reduced

LV dimensions from remodeling associated with chronic CRT.

Functional MR may also occur due to delayed sequential activation of the

papillary muscles due to intraventricular delay (15). This accounts for the acute

hemodynamic deterioration reported in some patients after ablation of the AV junction

and institution of RV apical pacing, which mimics LBBB (26,27). This can be

ameliorated by CRT (28).
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IMPLEMENTATION OF CRT

There are currently three approaches to achieving LV pacing. The transvenous approach

utilizes specially designed delivery sheaths and tools for cannulating the coronary sinus in

order to permit delivery of pacing leads into the epicardial venous circulation serving the

LV free wall. LV pacing lead placement can also be achieved under direct visualization

using a cardiac surgical approach. Finally, transvenous LV endocardial pacing via

transseptal puncture has been described in the rare circumstance where neither the

transvenous epicardial nor surgical options are viable (29,30).

Approach to Transvenous Left Ventricular Lead Placement

Early attempts at epicardial LV pacing via the coronary veins utilized standard endocardial

pacing leads designed for RV pacing or coronary sinus leads designed for left atrial

pacing (31). This approach was met with predictable difficulties, including lead

dislodgement, high pacing thresholds and inability to reach the target coronary venous

branch. Currently available tools and techniques achieve a O90% transvenous LV lead

placement success rate.

Typically, the coronary sinus is cannulated with a specially designed sheath that

serves as a workstation for LV lead placement. Such sheaths are available in a variety of

diameters and shapes intended to overcome unpredictable anatomic variation in right heart

anatomy. Though directional sheaths permit unassisted cannulation of the coronary sinus

ostium in some cases, most implanters cannulate the coronary sinus with a deflectable

electrophysiology catheter or a coronary angiography catheter. The sheath is then

advanced into the coronary sinus body using the catheter as a railing system (Fig. 6).

Once the coronary sinus is successfully cannulated, retrograde venography is

performed to delineate the coronary venous anatomy (Fig. 7). This is done with a standard

balloon occlusion catheter and hand injections of contrast. Care must be taken to achieve a

good seal within the main body of the coronary sinus in order to obtain maximal

opacification of the distal vasculature. Underfilling the coronary venous system is a

common mistake that may result in failure to identify potentially suitable targets for LV

Figure 6 Cannulation of the coronary sinus using a coronary guide catheter and an over-the-wire

technique. Note LV lead delivery sheath within main body of coronary sinus.
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pacing lead placement. Occasionally, the inflated balloon will occlude the ostium of a

suitable branch vessel for LV lead placement, therefore occlusive venography at multiple

levels within the main CS is advisable (Fig. 7).

Currently available transvenous LV pacing leads may be either stylet driven or use

over-the-wire delivery similar to percutaneous coronary intervention. Fixation relies

primarily on “wedging” the lead tip into a distal site within the target vein such that the

outer diameter of the lead closely approximates the inner luminal diameter of the vein.

Some current LV lead designs incorporate one or more tines, which may assist with

fixation by catching on a coronary venous valve or promoting thrombosis, but are probably

otherwise irrelevant. Active fixation technologies are in development and will likely

incorporate various self-retaining bends or cants that compress the distal segment of the

lead against the outer wall of the vein and the epicardial surface of the heart.

Factors Limiting Successful Transvenous LV Lead Placement

Complex and unpredictable anatomic and technical considerations may preclude

successful delivery of the LV lead to an optimal pacing site.

Inability to Cannulate the Coronary Sinus

It is difficult to estimate the true percentage of cases in which the coronary sinus cannot be

cannulated because this is clearly influenced by operator experience. It is probably in the

range of 1–5%. When the coronary sinus cannot be located by the superior approach, an

adaptation of the inferior approach described for complex electrophysiology procedures is

often successful in localizing the CS ostium (Fig. 7).

Coronary Venous Anatomy: Absent or Inaccessible Target Veins

The coronary venous circulation demonstrates considerably more variability than the

parallel arterial circulation (Fig. 8). Careful studies of retrograde coronary venography have

revealed that the anterior interventricular vein is present in 99% of patients and the middle

cardiac vein is present in 100%. These veins are generally undesirable for LV pre-excitation

Figure 7 Retrograde coronary venogram via femoral approach. (Left) Note large lateral veins.

(Right) Note two large lateral veins revealed by a more proximal injection in the CS. The ostium of

this vein was occluded by the balloon during the first injection.
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because they do not reach the late activated portion of the LV free wall. Unfortunately,

approximately 50% patients have only a single vein serving the LV free wall. Anatomically,

this is a lateral marginal vein in slightly more than 75% and a true posterior vein that ascends

the free wall in approximately 50% of patients (32). Thus, as many as 20% of patients may

not have a vein that reaches the optimal LV free wall site for delivery of CRT. In some

instances target veins are present but too small for cannulation with existing lead systems, or

paradoxically too large to achieve mechanical fixation (Figs. 9 and 10).

Coronary Venous Tortuosity

Another commonly encountered difficulty in transvenous LV lead placement is tortuosity

of the target vessel take-off or main segment. These anatomic constraints can be extremely

difficult to overcome and often require the use of multiple LV lead design and delivery

systems (Fig. 11).

High LV Stimulation Thresholds and Phrenic Nerve Stimulation

The principal limitation of the transvenous approach is that the selection of sites for pacing

is entirely dictated by navigable coronary venous anatomy. A commonly encountered

problem is that an apparently suitable target vein delivers the lead to a site where

ventricular capture can be achieved at only very high output voltages or not at all. This

presumably relates to the presence of scar on the epicardial surface of the heart underlying

the target vein and cannot be anticipated by fluoroscopic examination a priori (Fig. 12).

If this is not successful, surgical placement of LV leads permits more detailed mapping of

viable sites in the anatomic region of interest (Fig. 12).

A second common problem is that the target vein delivers the lead to a site that

results in phrenic nerve stimulation and diaphragmatic pacing. This can be difficult to

demonstrate during implantation when the patient is supine and sedated but may be

immediately evident when the patient is active and changes body positions, even in the

Figure 8 Three-dimensional reconstruction of epicardial coronary venous anatomy using

computed tomography. Source: From Tada H, et al. How to discriminate pulmonary vein potentials

from atrial potentials. J Cardiovasc Electrophysiol 2003; 14:1385.
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absence of lead dislodgement. Occasionally, if there is a significant differential in the

capture thresholds for phrenic nerve stimulation versus LV capture, this can be overcome

by manipulation of LV voltage output. However, many experienced implanters recognize

that once phrenic nerve stimulation is observed acutely (during implantation), it is almost

invariably encountered during follow-up despite manipulation of output voltages and,

therefore, alternative site LV pacing is sought (Fig. 13). As with high LV capture

thresholds, occasionally phrenic nerve stimulation can be overcome by repositioning the

LV lead more proximally within the target vein (Fig. 14).

Approach to Surgical Left Ventricular Lead Placement

The first clinical trial of CRT utilized a hybrid epicardial LV, endocardial RV pacing lead

configuration for multisite ventricular stimulation simply because the technique for

transvenous epicardial LV pacing had not been developed (33).

There are several current approaches to surgical placement of LV pacing leads.

Many surgeons still use a full left lateral thoracotomy, which permits full visualization of

the LV free wall, but results in significant postoperative pain and an extended recovery

period. More recently, a minimally invasive approach has been developed. In this

approach, the patient is prepped lying on their right side with left arm suspended over their

head. Two or three “porthole” incisions are made in the left axillary space for access to the

LV free wall (Fig. 15). Two epicardial LV leads are typically placed using the obtuse

marginal branches of the circumflex coronary artery as regional landmarks, approximately

1 cm apical to the mitral annulus. After the leads are placed, the capped terminal pins are

tunneled to a provisional pocket on the chest wall. The patient is then re-prepped and

Figure 9 Retrograde coronary venogram demonstrated a very large lateral marginal vein

descending to the LV apex. The LV lead descended to terminus of lateral marginal vein and into

middle cardiac vein, circumnavigating the LV. Despite attempts with multiple leads, mechanical

stability could not be achieved more proximally within the vein.
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draped on their back; the provisional pocket is opened and terminal pins are tunneled to the

pectoral pocket. One critical difference in patient preparation for surgical versus

transvenous LV lead placement is that it is better to have the patient a little “dry”

(well diuresed) in the former and a little “wet” (diuretics withheld) in the latter. In the case

of the transvenous approach, adequate hydration may minimize the risk of contrast-

induced renal failure. In contrast, during the surgical approach volume overload may

increase lung volume. This increases the hemodynamic consequences of single lung

ventilation, particularly on right heart function and may limit LV visualization if complete

left lung deflation cannot be achieved.

Optimal LV Lead Placement

The optimal site for LV pacing is an unsettled and complex consideration. It is probably

true that the optimal site varies between patients and is likely to be modified by venous

anatomy, regional and global LV mechanical function, myocardial substrate,

characterization of electrical delay and other factors. The success of resynchronization

is dependent on pacing from a site that causes a change in the sequence of ventricular

Figure 10 (A). “Shepherd’s Crook” take-off of lateral marginal vein, with kink just beyond

second bend. (B). 4-French over-the-wire LV lead cannot navigate venous kinking. (C), (D).

Alternate 4-French over-the-wire lead successfully navigated kinked portion of vein.
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activation that translates to an improvement in cardiac performance. Such systolic

improvement and mechanical resynchronization does not require electrical synchrony

and explains the lack of correlation between change in QRSd and clinical response to

CRT. Ideally the pacing site or sites that produce the greatest hemodynamic effect would

be selected.

However, current clinical evidence permits some generalizations regarding LV

pacing site selection for optimal acute hemodynamic response. At least 3 different

independent investigations comparing the acute effects of different pacing sites in similar

DCM populations have reported parallel evidence that stimulation site is a primary

determinant of CRT hemodynamic benefit.

Auricchio et al (33,34) showed a positive correlation between the magnitude of

pulse pressure and LVCdP/dT increases and LV pacing site. The percent increases in

pulse pressure and LVCdP/dT averaged over all AV delays were significantly larger at

mid-lateral free wall LV epicardial pacing sites compared to any other sample LV region.

Furthermore, increases at the mid-anterior sites were smaller than all other sites.

These observations were extended in an analysis of 30 patients enrolled in the

PATCH-CHF II trial (Fig. 16) (35). LV stimulation was delivered at the lateral free wall or

Figure 11 (A) Multiple diminutive lateral marginal veins. LV pacing threshold exceeded 6 volts

in all locations due to epicardial scar due to prior infarct (note surgical clips associated with prior

coronary revascularization). (B) Chest radiographs of surgically placed epicardial LV pacing leads in

same patient. Note LV free wall position of leads approximates obtuse marginal artery location in

circumflex territory, where epicardial mapping identified viable sites for LV pacing.
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mid-anterior wall. Free wall sites yielded significantly larger improvements in LVCdP/dT

and pulse pressure than anterior sites. Furthermore, in one third of patients stimulation at

anterior sites worsened acute LV hemodynamic performance, whereas free wall

stimulation improved it, and the opposite pattern was never observed. This difference in

acute hemodynamic response correlated with intrinsic conduction delays (Fig. 17).

This may be interpreted as evidence that stimulating a later activated LV region produces

a larger response because it more effectively restores regional activation synchrony.

Thus, the negative effect of anterior wall stimulation at all AV delays in some patients may

Figure 12 (A) LV lead is positioned in a lateral marginal vein but this site was rejected due to

insuperable phrenic nerve stimulation. (B) Repositioning of the LV lead in a large posterior vein,

which ascended the LV free wall, and eliminated phrenic nerve stimulation. (C) Chest radiographs of

LV lead in posterior vein.
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be due to pre-excitation of an already relatively early activated site thereby exaggerating

intraventricular dyssynchrony (36)

Interestingly, in PATH-CHF a small number of patients with heart failure and

LBBB achieved optimal hemodynamic improvement with RV versus LV or biventricular

pacing (37). Electroanatomic mapping has demonstrated that the RV apex is frequently

delayed in LBBB and in select patients, LV pre-excitation can be achieved by RV apical

pacing due to early breakthrough into the left ventricle at this site (Angelo Auricchio, MD,

Personal Communication).

Methods for identifying the best site during implantation are not yet of proven

clinical benefit. Furthermore, even if optimal LV pacing sites could be identified a priori,

access to such sites is potentially constrained by variations in coronary venous anatomy.

Despite rapid evolution of implantation techniques, including guiding sheaths and

catheters and over-the-wire delivery systems, a suitable pacing site on the LV free wall

cannot be achieved in 5–10% of patients. Even when the coronary venous anatomy

is suitable and navigable, some free wall sites are rejected due to unacceptably high pacing

Figure 13 (A) LV lead positioned in lateral marginal vein. This site was rejected due to

insuperable phrenic nerve stimulation. (B) Repositioning of a larger diameter LV lead more

proximally in the same vein eliminated phrenic nerve stimulation. (C) Chest radiograph of LV lead

in proximal segment of lateral marginal vein.
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Figure 14 Surgical approach to minimally invasive placement of epicardial LV pacing leads via

“port hole” approach (left) or limited left lateral thoracotomy (right).
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Figure 15 Effect of CRT stimulation site on acute hemodynamic response. (A) CRT responder at

all AV delays. (B) CRT non-responder at all AV delays. (C) LV stimulation was delivered at free

wall (FWL) or anterior wall (ANT) sites. Points above line of equality indicate patients with

significantly larger LV C dP/dT and pulse pressure at FWL versus ANT sites. (D) Larger LV C
dP/dT at FWL versus ANT sites. In one third of patients stimulation at ANT sites worsened

hemodynamic function, whereas FWL stimulation improved it. The opposite pattern was never

observed. See text for details.
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thresholds related to epicardial scar or unavoidable phrenic nerve stimulation.

Surgical placement of epicardial LV pacing leads or endocardial LV stimulation (29)

are options when the coronary venous approach fails.

CRT PACING SYSTEMS

Leads and Electrodes

Non-independently Programmable Ventricular Polarity Configurations

Transvenous and epicardial LV pacing leads may be either unipolar or bipolar, though the

former dominates current applications. Multiple ventricular pacing polarity configurations
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Figure 16 Correlation between free wall (FWL) and anterior wall (ANT) intrinsic conduction

delay differences and the LVCdP/dtmax response differences during FWL and ANT stimulation for

LV CRT (A) and BV CRT (B). Positive conduction delay differences correspond to more delayed

FWL activation. Positive LVCdP/dtmax differences correspond to a larger FWL stimulation

response (percentage change from baseline).
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Figure 17 (A) Various combinations of lead polarities for biventricular pacing. (B) Lead

polarities and configurations for transvenous and epicardial biventricular pacing. (Continued)
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are therefore possible. Since programmed polarity settings are common to both ventricular

leads and since the type (bipolar or unipolar) of these leads may not be the same, the

following considerations apply.

In a dual bipolar polarity configuration, both lead tips are the active electrodes

(cathodes) and the ring(s) are the common (non-stimulating) anode. However, the type of

ventricular leads implanted define the pacing/sensing vector (Fig. 18). With 2 unipolar

leads, the bipolar setting results in no pacing or sensing. If both leads are bipolar, both

rings act as the common electrode. If one lead is bipolar (RV) and the other lead is unipolar

(typically LV), the ring on the bipolar lead acts as the common electrode (non-stimulating

anode). This configuration results in “shared-ring” bipolar pacing and sensing. This hybrid

bipolar/unipolar stimulation configuration is employed in most contemporary CRT

pacing systems.

In a dual unipolar polarity configuration, the lead tips are the active electrodes; the

noninsulated device case is the common electrode (Fig. 18). This configuration is

uncommonly used in CRT pacing systems and is not feasible in CRTD systems due to the

concerns regarding ventricular oversensing.
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Pulse Generators

Conventional dual chamber pulse generators or specially designed multisite pacing pulse

generators may be used for CRT applications. A conventional dual chamber pulse

generator is well-suited for CRT in patients with permanent AF. In this situation, the

ventricular port is used for the RV lead and the atrial port is used for the LV lead. This

permits programming of independent outputs and ventricular–ventricular timing by

manipulation of the AV delay. The programming mode can be either DDD/R or DVI/R

(see below). A conventional dual chamber pulse generator can also be used for atrial-

synchronous biventricular pacing. The single ventricular output must be divided to

provide simultaneous stimulation of the RV and LV (dual cathodal system with parallel

outputs). This is achieved with a Y-adaptor and results in simultaneous RV and LV

sensing, which may result in ventricular double-counting and loss of CRT (see later) or
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PM
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as a reference
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used for biventricular pacing
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Figure 18 Various pulse generator configurations for biventricular pacing
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pacemaker inhibition in the case of LV lead dislodgement into the coronary sinus with

sensing of atrial activity (Fig. 19).

First generation multisite pacing pulse generators similarly provide a single

ventricular output for simultaneous RV and LV stimulation, however, two separate

ventricular channels internally connect in parallel. This connection is made for both the

lead tip and ring connections and eliminates the need for a Y-adaptor. However, this

configuration still provides simultaneous RV and LV sensing with associated limitations.

Second generation multisite pacing pulse generators have independent ventricular

ports. Each ventricular lead therefore has separate sensing and output circuits. This

arrangement permits optimal programming of outputs and time delay between RV and LV

stimulation for each patient. It also eliminates the potential complications of

biventricular sensing.

Biventricular or Univentricular Stimulation for CRT

It is important to note that uncertainty about the requirement of RV stimulation during

CRT, uneasiness about long term LV lead performance, and unavailability of pacing

systems with separately programmable ventricular outputs influenced the use of

biventricular pacing, as opposed to left univentricular pacing, in large scale randomized

clinical trials. A particular concern is LV lead dislodgement with risk for potentially lethal

bradycardia and has a reported incidence of 5 to 10% in larger studies. However, there is

some scientific evidence that RV stimulation might not be necessary for optimal CRT

response. Left univentricular pacing alone has acute hemodynamic effects that are similar

or superior to those achieved with biventricular pacing in some patients (24,38–40). Blanc

and coworkers recently extended these observations (41). Functional capacity (6 min walk

and maximal O2 uptake), ventricular size and function, and blood norepinephrine levels

prior to and after 12 mo of left univentricular pacing were evaluated in 22 patients with

DCM, LBBB, and NYHA Class III or IV heart failure. The LV lead was placed in a lateral

coronary vein when possible and all patients had sinus rhythm to allow atrial synchronous

left univentricular pacing with an AV delay initially programmed to 100 ms. Significant

improvements in functional capacity, echocardiographic MR, and LV end diastolic

diameter were observed with a favorable trend towards improvement in LVEF. Thus these

results are encouraging and support persistent benefit (at least to one year) of left

univentricular pacing in some patients.

At present it is not possible to identify patients who will respond better to LV alone

compared to biventricular pacing, or neither; and it is not clear how to identify the

optimal pacing site. Other factors will warrant RV lead placement in many patients.

Surface ECG

VEGM

A
Far Field Signal

RV LV

Sensed Signal May Have 2 Distinct

Depolarizations.

Special Consideration Required For Selecting

Refractory Periods
Sensitivity

Figure 19 Origin of temporally dispersed RV and LV electrograms during biventricular sensing.

Sweeney278



Patients with reduced LV ejection fraction and at least moderately symptomatic heart

failure are at risk for sudden cardiac death due to ventricular arrhythmias. This risk can

be reduced by ICD therapy. Current ICD systems require a RV lead for tachyarrhythmia

sensing and high voltage therapies and have a long record of safety and reliability.

Further data on the safety and reliability of LV leads for tachyarrhythmia sensing and

possibly defibrillation (42) are essential before RV leads are abandoned in CRT pacing

and CRT defibrillation systems. It is likely that systems incorporating an RV lead will

continue to predominate. If LV pacing systems can become as reliable as RV pacing

systems, the paradigm could shift.

PROGRAMMING CONSIDERATIONS IN CRT

Pacing Modes

Pacemaker modes are classified by up to 5 designations which indicate in order of listing

the (1) chamber(s) paced and (2) sensed (active, ventricular or dualZA,V,D), (3) response

to sensing (triggered, embedded or dual T,I,D), (4) rate modulation [rate modulated or

none (R or O) or (5) site of pacing (atrium, ventricle, dual—A, V, D)].

It is axiomatic that for maximal delivery of CRT ventricular pacing must be

continuous. DDD mode guarantees AV synchrony and ventricular pacing with all atrial

events in the physiologic heart rate range. However, DDD mode increases the probability

of atrial pacing (depending upon programmed lower rate limit) that may alter the left sided

AV timing relationship due to interatrial conduction time and atrial pacing latency.

VDD mode guarantees the absence of atrial pacing and synchronizes all atrial events

to ventricular pacing at the programmed AV delay. However, if the sinus rate is below the

lower programmed rate limit, AV synchrony is lost because the VDD mode is

operationally VVI.

Although conventional dual chamber pacemakers are not designed for biventricular

pacing and generally do not allow programming of an AV delay of zero, or near zero, they

are being increasingly used with their shortest AV delay (0–30 ms) for CRT in patients

with permanent AF. The advantages include programming flexibility, elimination of the

Y adaptor (required for conventional VVIR devices), protection against far-field sensing

of atrial activity (an inherent risk of dual cathodal devices with simultaneous sensing from

both ventricles) and cost. When a conventional dual chamber PM is used for CRT, the LV

lead is usually connected to the atrial port and the RV lead to the ventricular port. This

provides for (1) LV stimulation before RV activation (LV preexcitation), (2) protection

against ventricular asystole related to oversensing of far-field atrial activity when the LV

lead is dislodged towards the AV groove. The DVIR mode is ideally suited for this

application. The DVIR mode behaves like the VVIR mode except that there are always

two closely coupled independent ventricular stimuli thereby facilitating comprehensive

evaluation of RV and LV pacing and sensing performance. The DVIR mode also provides

absolute protection against far-field sensing of atrial activity in case of LV lead

dislodgement since no sensing occurs on the “atrial” (LV) lead in the DVIR mode.

Ventricular Double-Counting Causing Loss of CRT
and Spurious Ventricular Therapies

In first generation CRT and CRTD systems, pacing and sensing occurs from RV and LV

simultaneously. Double counting involves the spontaneous wide QRS complex of LBBB

(Fig. 20). This produces temporal separation of RV and LV electrograms (EGM). The
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degree of separation depends on the severity of the interventricular conduction delay and

the location of the electrodes. The LV EGM may be sensed sometime after detection of the

RV EGM if the LV signal extends beyond the relatively short ventricular blanking period

initiated by RV sensing. This is more likely to occur when a long post-ventricular atrial

refractory period (PVARP) is programmed. During sinus tachycardia and first degree AV

block the P wave may be displaced into the PVARP where it cannot be tracked. This

results in loss of ventricular pacing and CRT. This situation is commonly triggered by

PVARP extensions after a premature ventricular contraction (PVC). Spontaneous AV

conduction occurs in the form of a preempted upper rate Wenckebach response with loss

of ventricular pacing and CRT (Fig. 21). In CRTD systems, this may result in ventricular

double counting and misclassification of sinus tachycardia or rapidly conducted AF as

ventricular tachycardia (VT) resulting in spurious therapies. During true ventricular

episodes, such as VT, the LV EGM may precede the RV EGM and may result in spurious

shocks because the rate is misclassified as VF.

Failure to deliver CRT at high sinus rates can be minimized by shortening the

PVARP, increasing the upper tracking limit and deactivating the PVC response in the

DDD/R mode. Additionally, AF should be aggressively treated to prevent rapid

ventricular response and emergence of spontaneous QRS complexes. New CRT systems

prevent ventricular double-counting by employing an IVRP (intreventricular ventricular

refractory period). Ventricular sensed events (i.e., LV sensing) during the IVRP do not

restart PVARP (Fig. 22).

AV Optimization

AV optimization is important for maximal hemodynamic response to CRT but not

essential, since ventricular pumping function can be improved by CRT even in the
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Figure 20 Onset of ventricular double-counting and failure to deliver CRT due to loss of atrial

tracking during CRT. See text for details.
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presence of permanent AF. Nonetheless, acute hemodynamic studies have consistently

demonstrated that AV optimization “re-times” the left atrial-left ventricular relationship

and can result in 15–40% improvement in indices of LV systolic performance acutely.

Furthermore, small changes in AV delay may nullify hemodynamic benefit of CRT.

Presently, two methods of AV optimization are commonly applied. One method

uses an echo-guided Doppler analysis of transmitral blood flow velocities to approximate

an optimal timing relationship between atrial systole and ventricular filling. This is a rather

tedious process and may be physiologically unsound since the basis for the technique

was derived from studies of patients with permanent AV block and conventional dual

chamber pacing with RV apical stimulation. Nonetheless, this was the technique for AV

optimization used in the MIRACLE study (43). Empiric observation suggested that most

optimized AV delays derived using this technique were in the range of 80–100 ms
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Figure 22 Doppler echo of transmitral blood flow with long AV delay. When the AV delay is too

long, mitral valve closure may be not be complete, since atrial contraction is not followed by a

properly timed ventricular systole. LV pressure increases above the LA pressure at the end of the

diastolic filling period and results in diastolic or “pre-systolic” MR.
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regardless of other considerations. The process of AV optimization using this technique is

shown in Figures 23–25.

A second approach to AV optimization for maximal positive change in LVCdP/dt is

derived from the intrinsic AV interval measured from the local right atrial and RV

endocardial EGMs using 2 linear equations (44). If the native QRSd is O150 ms,

then estimated optimal AV delay (EOAVD)ZAxiAVICB (ms) and EOAVDZ
CxiAVICD (ms), where iAVIZintrinsic AV interval, AZ0.7, BZK55 ms, and

DZ0 ms. These regression formulas can be very closely approximated by the following

simple rules: the estimated optimal programmed AV delay for patients with QRSd O
150 msec is 50% of the intrinsic AV interval and 75% for QRSd of 120 to 150 msec. This

strategy was used in the study design of the Comparison of Medical Therapy, Pacing, and

Defibrillation in Heart Failure (COMPANION) trial (45) that showed significant

reductions in mortality and heart failure hospitalizations with CRT at 1 year.

Isovolumic
Contraction

Isovolumic
Relaxation

E A E A

SAVshort QAshort

ao

Figure 23 Doppler echo of transmitral blood flow with short AV delay. Note truncation of

diastolic filling period due to premature closure of mitral valve (atrial and ventricular contraction

occur simultaneously).

Isovolumic
Contraction

Isovolumic
Relaxation

E A E A

AVopt QAopt

ao

Figure 24 Doppler echo of transmitral blood flow at optimal AV delay. The relation of atrial

contraction to the onset of ventricular contraction is now optimal, resulting in diastolic filling

throughout the entire diastolic filling period. An appropriate relation now exists between mechanical

left atrial and left ventricular contraction so that mean left atrial pressure is maintained at a low level

with left atrial contraction occurring just before left ventricular contraction. AV optimization is

noted by return of the normal E-A separation. Transmitral flow and LV diastolic filling time are

increased, which improves to increased CO. If a large amount of diastolic MR can be abolished, a

beneficial effect is obtained because of lower left atrial and higher left ventricular preload at the onset

of ventricular contraction.
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It is almost certainly true that the optimal AV delay will likely differ as heart rate and

cardiac loading conditions change, such that the optimal AV delay at one point in time

may not predict optimal AV timing under other conditions. Furthermore, the importance

of AV delay optimization at rest for chronic clinical and hemodynamic effect remains to

be shown.

Pacing Outputs

It is critically important that voltage output be adjusted to exceed ventricular capture

threshold for LV and RV in common cathodal devices. Since there are commonly

differences in capture thresholds between ventricular chambers, this means that the

voltage output must exceed capture threshold in the chamber with highest threshold

(usually the LV) (Fig. 26). Newer pulse generators that permit independent programming

of ventricular output provide greater flexibility in this regard. Similarly, RV and LV

voltage output may be separately programmable in the situation where a standard DDD

device is used to provide RV and LV stimulation in the DVI mode for CRT in permanent

AF (see above).

Inter-ventricular Timing

Implantation of a biventricular pacing system with separately programmable LV and RV

stimulation outputs and timing delay would allow adjustments to be made during follow-up.

It is presently unclear what benefit, if any, manipulation of inter-ventricular timing would

provide during biventricular pacing (24). This is highlighted by the emerging evidence

(above) that univentricular LV pacing is probably either equivalent or superior to

biventricular pacing acutely and chronically.

region where
capture is
assured

amplitude (in volts)

5 V

4 V

3 V

2 V

1 V

0 1 ms 1.5 ms
pulse duration (in ms)

RV < 0.5V
@ 0.5 ms

LV 2V @ 
0.5 ms

2 ms 2.5 ms0.5 ms

forbidden
zone

no capture
possible

forbidden
zone

no capture
possible

(0.3 ms & 2.5V)

THRESHOLD CURVE

Figure 25 Strength-duration curve considerations for biventricular pacing. The ventricular output

must exceed the capture threshold for the chamber with the highest threshold, typically the LV, in

common cathodal systems.
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CRT PACEMAKER ELECTROCARDIOGRAPHY/DETERMINING
LV AND RV CAPTURE

The 12-lead EKG is essential to ascertain RV and LV capture during followup of CRT

systems without separately programmable ventricular outputs. It is recognized that 5 distinct

12-lead ventricular activation patterns may be seen during threshold determination. These

are (1) intrinsic rhythm during loss of RV and LV capture or pacing inhibition (native QRS),

(2) isolated RV stimulation, (3) isolated LV stimulation, (4) biventricular stimulation, and

(5) biventricular stimulation with anodal capture (Figs. 27–32).

Ventricular pacing thresholds should ideally be performed independently and in the

VVI mode at a rate superceding the prevailing ventricular rate so as to obtain continuous

ventricular capture without fusion. Alternately, thresholds can be performed in the VDD or

DDD mode at very short AV delays to ensure full ventricular capture without fusion. In

general it is advisable to initiate threshold determinations at maximum output (voltage and

pulse duration) since there is often a significant differential in capture thresholds between

RV and LV.

In devices without separately programmable ventricular outputs RV and LV capture

can only be determined by EKG analysis during common ventricular voltage decrement.

Right
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quadrant

axis

aVR

III

aVF

II

aVL

(180°)

(150°)

(−150°)
aVR

(−120°)
(−90°)

(−60°)

(−30°)
aVL

I (−0°)

II
(60°)

(30°) Normal
axis

III
(120°) aVF

(90°)

Left
(superior)

axis

LV pacing

Right
axis

RV apical
pacing

RV outflow tract
pacing

Biventricular
pacing

During pacing the mean frontal plane QRs axis reflects the site of the pacing:
* for RV pacing : apex vs outflow tract

* for biventricular pacing:  RV only, LV only or biventricular

I

Figure 26 Mean QRS axis in the frontal plane during ventricular pacing.
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This requires inspection of a 12-lead EKG to demonstrate a change in electrical axis that

confirms independent LV and RV capture.

Pacing from the RV apex produces a negative paced QRS complex in the inferior

leads simply because the activation starts in the inferior part of the heart and travels

superiorly away from the inferior leads. The mean QRS frontal plan axis is superior either

in the left or right superior quadrant. Pacing from the RVOT produces a frontal plane axis

that is “normal”, meaning, inferiorly directed (positive QRS in inferior leads). Isolated LV

pacing produces a rightward axis, similar to maximal ventricular pre-excitation over a left-

sided accessory pathway. Biventricular pacing (RVCLV) produces a right superior axis as

a result of fusion of RV and LV electrical axes. A qR or Qr complex in lead I is rare in

uncomplicated RV apical pacing. It is present in 90% of cases of biventricular pacing. In

biventricular pacing, loss of the q or Q wave in lead I is 100% predictive of loss of

LV capture.

CRT Responders and Nonresponders

Despite the technical limitations for achieving reliable, long-term transvenous LV

stimulation, the majority of appropriately selected patients respond to CRT. Nonetheless,

approximately 18–30% of patients fail to respond clinically to CRT. In some cases failure

RV APICAL PACING

The frontal plane axis
is usually left superior.
It may also be in the 
right superior quadrant,
where it causes leads I,
II & III to be negative and
lead aVR to show the largest
positive deflection.

RV OUTFLOW
TRACT PACING

The frontal plane axis
is normal i.e. as for normally
conducted beats. But as the
lead moves towards the
pulmonary valve, the axis
becomes deviated to the
right. A qR pattern can occur
only in leads I & aVL

Lead I Lead II

Lead aVL

Lead aVR

A typical LBBB pattern in the left precordial leads may not be present and all
leads show a QS pattern

The left precordial leads may show a dominant R wave

Lead III

Lead aVF

time

time

Lead I

Lead II Lead III time

Lead aVF

Lead aVLLead aVR time

time

time

V1 V2 V3 V4 V5 V6

V1 V2 V3 V4

V5 V6

B

A

The precordial V leads are similar to those with RV apical pacing !

Figure 27 EKG QRS patterns during RV pacing from different sites.
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to respond may simply indicate that despite delayed ventricular activation, mechanical

activation is not dyssynchronous. It is likely, however, that technical limitations are a

major factor. In the MIRACLE study a lateral marginal vein site serving the LV free wall

was obtained in only 43% of patients. This number is probably an overestimate since

the larger diameter stylet driven leads used during MIRACLE typically traverse the

“Shepherd’s Crook” curve of the anterior interventricular vein before they descend

the LV. Many of the “lateral” sites were probably really anterolateral rather than true

lateral marginal vein sites. Thus, at least 57% patients in MIRACLE may have had

suboptimal LV lead positions. It is conceivable that some of these patients were actually

made worse by CRT due to LV pacing at suboptimal sites, particularly among the patients

with relatively narrow QRSd (less than 150 ms) (35). As reviewed previously, CRT with

stimulation at a LV free wall site consistently improves short-term systolic function more

than stimulation at an anterior site does (Figs. 33 and 34). These differences may account

for the varied results and large individual difference observed among clinical studies.

The mean frontal plane axis of the paced beat is directed to
the right lower quadrant (right axis deviation). There is a
characteristic tall R wave in lead V1 to at least V3 and often
further into the left precordial leads.

Electrode
tip
Coronary

Sinus

Intended LV pacing via coronary
sinus and coronary vein

Intended LV pacing :
* Passage of lead into LV via patent
   foramen ovale (from right atrium
   to left atrium and LV)
* Via subclavian artery (across the
   aortic valve) mistaken for the
   subclavian vein
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Figure 28 EKG QRS patterns during LV free wall pacing.
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PATIENT SELECTION FOR CRT

Ventricular dyssynchrony is the pathophysiologic target of CRT. Techniques for selecting

patients with significant ventricular dyssynchrony likely to benefit from CRT are rapidly

evolving. The optimal criteria would identify all patients with a high probability of

response and reject all patients with a low probability of response. To date, QRSd

determined from the surface EKG has been most extensively evaluated as a selection

criteria for CRT on the premise that electrical delay is a reliable marker for spatially

dispersed mechanical activation. Numerous studies have reproducibly demonstrated that

baseline QRSd is an important predictive indicator of acute hemodynamic improvement

with CRT. Auricchio et al. (19) showed that there was a positive correlation between

To show ventricular capture in pacemakers with a common output, lower
   the voltage and/or the pulse width. The left ventricle (LV) will lose capture
first in      almost all cases because pacing threshold is higher than that of
the             right ventricle (RV).
Loss       of capture in one ventricle will cause a change in the morphology
             of the beats in the 12-lead ECG. Examination of a single lead may
          be misleading. 

* A change in frontal plane axis may corroborate loss of capture in one ventricle
* Simultaneous recording of ECG, markers and ventricular electrogram (VEGM) is very
   helpful
* Beware of ventricular fusion beats with the conducted spontaneous QRS complex.
   The absence of fusion is verified by shortening the AV delay whereupon no change
   in QRS morphology should take place

BiV
pacing

Lead I

Lead V1
Lead V2

Lead V6

Lead II Lead III

time

time
Note
qR

BiV Capture RV pacing
only

ECG
lead I

VEGM

time

time

Monophasic
complex

Delayed LV activation because the
depolarization travels via ordinary
myocardium from RV to LV !

Figure 29 Analysis of EKG QRS patterns to ascertain RV and LV capture in CRT systems

without separately programmable ventricular outputs.
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the surface QRSd and the percentage of change in LVCdP/dt and pulse pressure during

CRT. This observation was corroborated by Nelson et al. (Table 1) (20). Baseline QRSd

modestly predicted systolic response, as assessed by maximal rate of pressure defined as

% change in LVCdP=dtmax Z0:61!QRSd K70:2. Combining baseline QRSd and LVC
dP/dtmax improved the predictive accuracy for identifying CRT clinical responders.

Patients with baseline QRSdR155 ms and baseline LVCdP=dtmax %700 mmHg=s

consistently yielded the greatest acute hemodynamic response to CRT (% change

LVCdP=dtmaxR25%).

Prediction curves for contractile function response using baseline QRSd derived

from the PATH-CHF and PATH-CHF II studies are shown in Figure 35 (46). The

specificity curve indicates that 80% of CRT nonresponders had a QRSd !150 ms. The

sensitivity curve indicates that 80% of CRT responders had a QRSdO150 ms. The overlap

between these QRSd ranges was populated with CRT responders and nonresponders. The

predictive accurary of QRSd to separate responders from nonresponders is fairly constant

around 80% with a threshold cut-off between 120 and 150 ms. If the QRSd is O150 ms,

the likelihood of CRT response is greater. An important qualification is that this analysis is

based on acute hemodynamic response to CRT. It is possible that acute hemodynamic

response does not correlate precisely with chronic clinical improvement. However, these

observations appear to be corroborated by the COMPANION Trial, where little or no

benefit of CRT or CRTD on death or heart failure hospitalization was observed among

patients with baseline QRSd !150 ms (45).

QRSd may not reliably predict CRT response for several reasons. It is important

to remember that QRSd reflects both RV and LV activation. In many patients with LBBB,

the delay in ventricular activation resides entirely within the left ventricle, as anticipated.

Figure 30 (A) Intrinsic ventricular activation (LBBB). (B) RV only pacing. (C) LV only pacing.

(D) Biventricular pacing.
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However, in some patients with LBBB, delayed RV activation accounts for a significant

proportion of electrical delay manifest on the surface EKG (Fig. 36). Another reason is the

intriguing observation that a prolonged QRSd may not be accompanied by dyssynchronous

mechanical activation (47). In this situation, despite electrically delayed ventricular

activation CRT would not be anticipated to modify mechanical performance.

IF YOU WANT TO EVALUATE BIVENTRICULAR

PACING, YOU SHOULD REMEMBER :

LEAD

I

III

VI

BiV
RV

LV

Figure 31 EKG clues for assessing LV capture.

Figure 32 CRT nonresponder. Note position of LV lead in anterior interventricular vein and lack

of spatial separation of RV and LV leads in lateral view. This patient required a left ventricular assist

device within days of CRT implantation, followed by cardiac transplantation.
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Recognition of the potential limitations of QRSd for predicting CRT response has

stimulated interest in techniques for directly measuring baseline ventricular dyssynchrony.

Intraventricular synchrony can be assessed echocardiographically from the delay between

the maximal posterior displacement of the septum and the maximal displacement of the

LV posterior wall measured from an M-mode short axis view of the LV. Pitzalis et al. (48)

found that the delay between septal and posterior wall LV motion improved from a mean

of 192 msec to a mean of 14 msec after 1 month of CRT, and was the only

Figure 33 CRT responder. Note position of LV lead in lateral marginal vein on LV free wall. Note

spatial separation of RV and LV leads in lateral view. This patient had a two step improvement in

NYHA Class (IV to II), reduction in MR from severe to trace, and improvement in LVEF from 20%

to 35%.
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Figure 34 Sensitivity, specificity, and accuracy likelihoods are plotted for different QRS

thresholds between 120 and 200 ms using acute hemodynamic data from PATH CHF and PATH-

CHF II. Specificity curve indicates that 80% of nonresponders have QRSd !150 ms. Sensitivity

curve indicates that 80% of responders have QRSd O150 ms. CRT response is defined as O5%

acute increase in LVCdP/dt.
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echocardiographic marker (including interventricular delay, ejection fraction, mitral

regurgitant duration and mitral regurgitant area) associated with a favorable response to

CRT, defined as a greater than 15% improvement in LV systolic volume index.

Another promising echocardiographic technique to identify dyssynchrony and target

patients for CRT is Doppler strain rate imaging. This utilizes tissue Doppler signals to

quantify the rate of regional myocardial deformation, providing a sensitive estimate of

regional myocardial shortening and lengthening that correlates with LVCdP/dt and

systolic function in healthy and diseased hearts (49). In LBBB Doppler strain imaging

demonstrates maximal septal contraction occurring before aortic valve opening and

accompanied by lateral wall lengthening, consistent with studies in animal models (11).

The septum then lengthens after aortic valve opening and does not contribute to ejection.

Peak lateral wall contraction is observed very late in systole and persists into the

postsystolic period. During CRT, systolic contraction can be demonstrated to occur

simultaneously in both septal and lateral walls, contributing equally to ejection (50). The

utility of this technique in patient selection for CRT remains to be defined in clinical trials

but preliminary results appear encouraging. Ventricular dyssynchrony detected by tissue

Doppler imaging has been shown to predict acute and chronic response (including

remodeling) to CRT in several studies (51,52).

Numerous clinical variables have also been evaluated for predicting likelihood of

CRT responsiveness. Baseline contractile function indexed by LVCdP/dtmax has been

shown to inversely correlate with its subsequent change during LV pacing. Heart failure

functional class is positively correlated with CRT response. In several studies, equivalent

benefit was observed with CRT in NYHA Class III–IV patients but no significant benefit in

Class II (43,53). Ejection fraction has not been shown to correlate with likelihood of CRT

Table 1 ACC/AHA/NASPE Guidelines for CRT in Patients with Congestive Heart Failure and

Dilated Cardiomyopathy

Advanced symptomatic heart failure (NYHA III–IV) refractory to optimal medical therapy

LVEF%35%

QRS durationO130 ms

Abbreviations: CRT, cardiac resynchronization therapy; NYHA, New York Heart Association; LVEF, left

ventricular ejection fraction.

Figure 35 Electroanatomic endocardial activation maps showing heterogeneity of electrical delay

in LBBB. See text for details.
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response in any study. Some studies have suggested that ischemic CMP is less likely to

respond to CRT than NDCMP, but not others. Sinus rhythm does not appear to be necessary

for CRT response. Patients in permanent AF had a similar acute hemodynamic response as

sinus rhythm in PATH-CHF and similar long-term function improvements in other trials

(43,54–56). There are very limited data on CRT in RBBB that suggests the possibility of

similar intermediate term response as LBBB in one trial (57) but not another (45).

Further complicating the matter of patient selection for CRT is the fascinating

observation that some patients with DCM and significant mechanical dyssynchrony have a

normal or near-normal QRSd (58–61).

In summary, 80% of patients with QRSdO150 ms will have a hemodynamic

improvement with CRT and the probability of response is positively correlated with

QRSd. Patients with QRSd !150 ms are less likely to respond to CRT though this is

not uniformly true. Improvements in asynchrony seem to be the determinant of the

improvements obtained with CRT, and this may be independent of QRSd. Patients with

more advanced heart failure symptoms are more likely to respond to CRT than patients

with less severe symptoms. There is limited data suggesting that patients with NDCMP

respond more consistently than ischemic CMP and LBBB more consistently than RBBB.

Permanent atrial fibrillation does not preclude CRT response.

Finally, RV apical pacing may cause prolonged QRSd and ventricular

desynchronization. Ventricular desynchronization imposed by ventricular pacing even

when AV synchrony is preserved causes increased left atrial diameters and reduced LV

fractional shortening (62) and is associated with increased risks of atrial fibrillation, heart

failure and death among patients with normal baseline QRSd (63,64). Therefore, it is

logical to speculate that multisite (RVCLV) or alternate single site (LV) pacing may be

more physiologic among patients in whom ventricular dyssynchrony is due to unavoidable

ventricular pacing (i.e., persistent heart block). Intriguing studies suggest that pacing at the

LV septum or apex maintains ventricular pumping function at sinus rhythm levels despite

pacing-induced QRSd prolongation, possibly because of early engagement of the

specialized conduction system resulting in a more physiologic propagation of electrical

conduction (65).

CLINICAL TRIALS OF CRT

CRT is an effective adjunctive treatment for moderately to severely symptomatic heart

failure associated with depressed LV function and ventricular dyssynchrony (Table 2)

(43,54,66). The aggregate experience with CRT in clinical trials involving more than 3500

patients demonstrates a consistent clinical benefit. The magnitude of the benefits is modest

and concordant. These include about a 1-step improvement in NYHA class, a 10-point

improvement in quality of life measures, a 1–2 ml/kg/min improvement in peak VO2, a

50–70 meter improvement in 6-min hall walk, and a trend towards reduced heart failure

hospitalizations. A meta-analysis of randomized trials of CRT using first generation

pacing systems in 1634 patients found that heart failure deaths were reduced by 51%

(from 3.5% to 1.7%) and heart failure hospitalizations were reduced by 29% (67).

CLINICAL TRIALS OF CRT/DEFIBRILLATION (CRTD)

Sudden cardiac death is the leading cause of mortality in the United States (Table 3). It is

estimated that 200,000–400,000 sudden deaths occur annually (68). The vast majority of
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these deaths occur among patients with symptomatic heart failure associated with

reduced LV function. In the Framingham study, the sudden death rate for patients with

heart failure was 9 times the general age-adjusted population rate (4). The annual

incidence of sudden death is expected to increase coincident with the increasing

incidence of heart failure. There are 4–5 million people living with chronic heart failure

and an additional 400,000 newly diagnosed yearly (3). The increasing incidence of heart

failure is due primarily to the advancing age of the population with coronary artery

disease, which is now the principal cause of heart failure associated with reduced

ventricular function (4).

Advances in medical therapy have reduced mortality and transformed heart failure

into a chronic illness. In the Framingham study, population total mortality was 24%

and 55% within 4 yr of developing symptomatic heart failure for women and men,

respectively (4). These statistics approximate the natural history of heart failure as the

subject population was untreated by contemporary standards. Recognition of the beneficial

effects of ACE inhibitors, ARBs, diuretics and beta-blockade has yielded substantial

reductions in mortality due to progressive pump failure. However, despite these

Table 2 Randomized Trials of CRT: Enrollment Criteria and Results

Study Design N NYHA QRSd LVEF LVEDD

PATH-CHF Randomized,

single blind,

controlled

42 II–IV O120 !35 NA

VIGOR-CHF Randomized,

controlled

53 II–IV O120 !30 NA

PATH-CHF II Acute hemody-

namic

43 II–IV O120 !30 NA

InSync OUS Uncontrolled 81 III–IV O150 !35 O60

MUSTIC Uncontrolled 67 III–IV O150 !35 O60

MIRACLE Randomized,

double-blind,

controlled

266 III–IV O130 !35 !55

Study

Baseline

NYHA

3 mo

NYHA

Baseline

QRSd

3 mo

QRSd

Baseline

LVEF

3 mo

LVEF

PATH-CHF 3.0G0.3 2.0G0.7 NA NA NA NA

InSync OUS 3.37 2.15 179 143 20.9 23.9

MUSTIC NA NA 176G19 NA 23.0G7 NA

MIRACLE 3.0G0.3 2.0G0.3a 160 150 23.3 26.5

Study

Baseline

peak VO2

3 mo peak

VO2

Baseline

QOL 3 mo QOL

Baseline

6 min walk

3 mo 6 min

walk

PATH-CHF 13.9G0.8 17.0G1.1 49.0G4 21.0G4 362G18 443G13

InSync OUS NA NA 55 34 299 418

MUSTIC 13.7G3.9 16.2G4.7 51.0G20 29.0G21 320G97 399.2G100

MIRACLE 13.9 15.1 59.2G19 39.6G24a 314G84 339G127a

a6 mo comparison.

Abbreviations: CRT, cardiac resynchronization therapy; LVEF, left ventricular ejection fraction; LVEDD, left

ventricular end diastolic dimension; NYHA, New York Heart Association; QOL, Minnesota Living with Heart

Failure Quality of Life; VO2, oxygen uptake determination.
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improvements in medical therapy, symptomatic heart failure still confers a 20–25% risk of

premature death in the first two and a half years after diagnosis. Approximately 50% of

these premature deaths are sudden and attributable to VT or ventricular fibrillation (VF).

This proportionate contribution of sudden death to total mortality in heart failure

associated with reduced LV function has not changed substantially between the

Framingham data and the modern era.

Survival from out-of-hospital cardiac arrest remains abysmal; it is estimated that less

than 20% of victims will leave the hospital alive (69). The principal reason for this dismal

statistic is unavailability, or delayed time to, successful defibrillation. Prevention, or

at least effective treatment, of the first episode of cardiac arrest is thus critically important.

Table 3 Randomized Trials of CRTD for Primary and Secondary Prevention of Sudden Death and

Treatment of Congestive Heart Failure

MIRACLE ICD CONTAK CD COMPANION

Target population CHFCQRSd pro-

longation C ICD

CHF C QRSd pro-

longation C ICD

CHF C QRSd pro-

longation C ICD

Treatment ICD vs. CRTD ICD vs. CRTD CRT vs. CRTD vs.

medical manage-

ment

Patients enrolled 364 581 1602

Arrhythmia qualifier ICD indication ICD indication ICD indication

LVEF (%) qualifier %35 !35 %35C
LVEDDR60 mma

CHF qualifier

(NYHA Class)

II–IV II–IV III–IV

QRS duration

qualifier (ms)

O120 O130 O120

Improvement in

NYHA class

65% decreased

1 class vs.

50% control

23% decreased 1

class, 11.6%

decreased 2 classes

vs. control

Not reported

Improvement in

6 min hall

walk (m)

No difference 35 overall; 47 Class

IV

Not reported

Improvement

in QOL

7.2G2.0 6 Not reported

Improvement in

VO2 (ml/kg/min)

1.1 0.9 overall; 1.8 Class

IV

Not reported

Death or CHF

hospitalization

Not reported Not reported 40% Y CRTD, 35% Y
CRT

Death Not reported Not reported 36% Y CRTD, 24% Y
CRT

Comments Single blind Double blind PR O150 ms; Single

blind; mortality

reduction with CRT

not stat. significant

Not reported, indicates data has not been published.

Abbreviations: CRTD, cardiac resynchronization therapyCdefibrillation; LVEF, left ventricular ejection

fraction; LVEDD, left ventricular end-diastolic dimension; NYHA, New York Heart Association; QOL,

Minnesota Living with Heart Failure Quality of Life; VO2, oxygen uptake determination.
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These realities have focused attention on identification and treatment of patients at risk for

sudden death due to ventricular arrhythmias.

The results of large scale randomized treatment trials in patients with reduced LV

function and VF or hemodynamically unstable sustained uniform VT that occurs

spontaneously or can be induced, consistently demonstrate a survival advantage associated

with ICD therapy compared to antiarrhythmic drugs (70–74). Accordingly, ICD therapy

can be recommended as first-line treatment for primary and secondary prevention of

sudden cardiac death in these settings.

A similar mortality benefit for ICD therapy was subsequently demonstrated in

MADIT II among patients with ischemic cardiomyopathy and LV ejection fraction!30%

without prior electrophysiology study (75). These findings were extended in SCD-HeFT

which demonstrated a 23% mortality reduction among patients with ischemic or NDCMP,

NYHA Class II–III heart failure and LV ejection fraction%35% (76). The mortality

reduction among patients with ischemic cardiomyopathy approximated that observed in

MADIT II and validates the findings of that study. More importantly, the equivalent

mortality reduction among patients with NDCMP definitively demonstrates that the

primary prevention mortality benefits of ICD therapy seen in ischemic CMP are

transferable to NDCMP. Accordingly, ICD therapy can be recommended as first-line

treatment for primary prevention of sudden cardiac death in either of these settings.

The incidence of ventricular dysynchrony (usually LBBB or other interventricular

conduction delay) as designated by prolonged QRSdO120 ms among patients with

chronic congestive heart failure and reduced systolic function is in the range of 35–40%

(77,78). It is not surprising, therefore, that intense interest has focused on CRT combined

with ICD therapy for prevention of sudden death and treatment of congestive heart failure.

Despite impressive technical hurdles, CRT has been successfully hybridized with

conventional ICD therapy delivery systems and implanted successfully in humans.

CONTAK CD, MIRACLE ICD, AND COMPANION

Three studies of CRTD involving O2500 patients have been reported. The study

populations were similar to trials of CRT (without defibrillation capability) except there

was a conventional indication for ICD therapy. CONTAK CD showed a significant

improvement in NYHA Class, 6-min hall walk, peak V02 and standardized quality of

life (79). Post-hoc analysis showed that the greatest benefit was observed in the patients

with the most advanced heart failure. However, the primary goal of a 25% reduction in

heart failure, as measured by a composite outcome of death, heart failure hospitalization,

worsening heart failure requiring other interventions, and ventricular arrhythmis, was not

met. Patients receiving CRTD had a 21% reduction in this composite endpoint (pZ0.17).

However, the study was probably underpowered to detect significant differences in this

composite endpoint, particularly because 80% of the patients were NYHA I or II after

6 mo of CRTD. MIRACLE ICD showed a reduction in NYHA Class and improvement in

quality of life but not 6-min hall walk (53). Importantly, neither of these studies provided

data on the effect of CRTD on mortality and limited data on whether the clinical benefits of

CRT or CRTD are sustainable for more than 12 months.

The COMPANION trial compared CRT, CRTD and optimal medical therapy among

1602 patients with DCM (ischemic and nonischemic), LV ejection fraction !35%,

QRSd O120 ms and PR interval O150 ms. Mortality was reduced by CRTD (36%) and

CRT (24%), although only the reduction associated with CRTD was statistically

significant (45).
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Retrospective analysis of these and other ICD trials clearly demonstrates that the

mortality benefit of ICD therapy is almost entirely confined to older patients with the most

severely depressed LV systolic function and more advanced symptomatic heart failure.

However, it is crucial to recognize that none of the ICD trials cited above specified heart

failure as a requisite for entry, and even though the majority of patients had mild to

moderate heart failure symptoms (NYHA Class II or III) many were not receiving optimal

medical therapy. Though post-hoc analysis has consistently demonstrated a mortality

benefit among the “sickest” patients in ICD trials (80), none of these trials prior to SCD-

HeFT and COMPANION specifically enrolled heart failure patients. Patients with

severely reduced LVEF and highly symptomatic heart failure may pose unique problems

for mortality reduction using ICD therapy. These patients are at equivalently high risk for

lethal ventricular arrhythmias and death due to progressive heart failure. Mortality

generally increases with increasing NYHA functional class however the proportion of

sudden deaths declines from 50–80% among patients with Class II symptoms to 5–30%

among patients with Class IV symptoms (81,82). Furthermore, sudden bradyarrhythmic

death in advanced heart failure (83) may occur spontaneously or after successful

termination of VT/VF storms” in ICD patients (“cardiac annihilation”) (84) and further

diminish the mortality benefit of ICD therapy.
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BACKGROUND: SUDDEN CARDIAC DEATH

Sudden death, often as a consequence of lethal ventricular arrhythmias, is an important

cause of cardiovascular mortality, accounting for 300,000–400,000 deaths annually in the

United States (1). Nearly 80% of individuals who die suddenly from cardiac causes have

evidence of underlying coronary artery disease or prior myocardial infarction (2,3).

The risk of sudden death increases with worsening left ventricular function and heart

failure symptoms (4,5). As a consequence, patients with advanced heart failure are at

particularly high risk for sudden cardiac death (SCD). In the Framingham Heart Study, the

age-adjusted sudden death rate for patients with heart failure was nine times that of

the general population (6). Despite marked advances in medical therapy, it is estimated

that roughly one-half of patients with depressed left ventricular ejection fraction (LVEF)

and congestive heart failure (CHF) will die suddenly or require resuscitation from

a cardiac arrest (7).

Sudden cardiac death results from a complex interaction between a suitable anatomic

or functional substrate and an inciting trigger (8). Patients with heart failure due to

coronary artery disease and prior myocardial infarction, dilated (nonischemic)

cardiomyopathy, hypertrophic cardiomyopathy, or right ventricular dysplasia are

especially vulnerable to arrhythmia due to the enhanced susceptibility of the scarred or

myopathic ventricle to the effects of transient initiating events. While arrhythmic death is

usually related to ventricular tachyarrhythmias, cardiac arrest from bradyarrhythmias or

electromechanical dissociation, perhaps due to pulmonary emboli, electrolyte abnormal-

ities (e.g. hyperkalemia), drugs (e.g. digitalis toxicity), or hypoxia, also occurs, particularly

in patients with nonischemic cardiomyopathy (NICM) (9). The diversity of mechanisms of
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unexpected cardiac arrest in heart failure make prevention of sudden death particularly

challenging in this population, with no single therapy likely to provide universal

protection. Aside from beta-blocker therapy, antiarrhythmic drugs have been ineffective or

even harmful when utilized for sudden death prevention (10). Device therapy, by contrast,

has proven to be more beneficial.

From the time of its clinical introduction in 1980, the implantable cardioverter-

defibrillator (ICD) has been shown to provide reliable and rapid detection and termination

of ventricular tachyarrhythmias (11–13). The backup pacing available in all modern

devices provides additional protection against bradyarrhythmias. In the modern era,

adequate defibrillation thresholds can be achieved in over 98% of patients with

transvenous lead systems, avoiding the need for thoracotomy (14). These devices have

therefore become the cornerstone of therapy for prevention of sudden cardiac death in

selected high-risk populations with advanced heart disease. This chapter will focus on the

role of ICDs in the management of advanced heart disease and the identification of patients

who are most likely to benefit from this therapy.

PREDICTING SUDDEN DEATH IN PATIENTS WITH HEART FAILURE

While both the severity of ventricular dysfunction and the magnitude of heart failure

symptoms are important determinants of the risk of sudden death from arrhythmia (15)

patients may be further categorized based on prior history of arrhythmia and the nature

of their underlying heart disease. Patients with prior unexplained syncope or with

resuscitated cardiac arrest are at substantial risk for sudden cardiac death (16,17,18).

Secondary prevention of sudden death should therefore be distinguished from primary

prevention of a first arrhythmic event. The etiology of heart failure may also be relevant.

Patients with intramyocardial scarring due to coronary artery disease and prior myocardial

infarction (ischemic cardiomyopathy) are at risk for ventricular tachycardia due to re-entry

at the site of a healed infarct scar or primary ventricular fibrillation as a consequence of

ongoing myocardial ischemia. Such mechanisms are less common in patients with

nonischemic causes of heart failure (e.g. valvular heart disease, idiopathic or familial

cardiomyopathy) despite the presence of potentially similar electrical substrate (19).

Finally, while the severity of electrophysiologic abnormalities tracks in general with the

severity of heart failure, the proportion of deaths due to cardiac arrhythmias decreases with

worsening functional impairment. As a result, the specificity of clinical or noninvasive risk

prediction criteria for sudden death is limited in patients with the most advanced disease,

in whom death from progressive heart failure may play a larger proportionate role

in mortality.

Several clinical criteria have been utilized to stratify the risk of sudden death in

patients with advanced heart disease (Table 1). The most frequently utilized non-invasive

risk stratification measurement is the left ventricular ejection fraction (LVEF). In nearly

every study, the degree of left ventricular dysfunction is a major independent predictor of

total and sudden cardiac mortality (20,21). The annualized risk of sudden death in

medically managed patients with prior myocardial infarction and LVEF%0.30 is

approximately 11% per year, while in similar patients with nonischemic cardiomyopathy,

the estimated risk is slightly lower at 5–7% (20,22). Beyond EF, the presence of ambient,

nonsustained ventricular arrhythmia, LV cavity enlargement, neurohormonal markers, or

QRS widening may enhance overall mortality prediction, but these features do not

specifically predict the vulnerability to fatal arrhythmias (23,24,25). Other non-invasive
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Table 1 Indicators of an Increased Risk of Sudden Death from Arrhythmia

Variable Measure Predictive power

Conventional coronary risk factors Risk of underlying
disease

Low power to discriminate
the individual person at
risk for sudden death
from arrhythmia

High cholesterol
High blood pressure
Smoking
Diabetes

Clinical markers Extent of structural
disease

High power to predict death
from cardiac causes;
relatively low specificity
as predictors of death
from arrhythmia

NYHA functional class
Ejection fraction

Ambient ventricular arrhythmia Presence of transient
triggers

Frequency of premature ventricular
depolarizations

Low overall power if not
combined with other
variables

Nonsustained ventricular tachycardia
Sustained ventricular tachycardia Higher predictive power,

with low ejection fraction
Electrocardiographic variables Presence of electrical

abnormalities
Standard ECG
Left ventricular hypertrophy Low power to predict death

from arrhythmia
Width of QRS complex
QT dispersion
Specific abnormalities [e.g.,

prolonged QT interval, right
bundle-branch block plus
ST-segment elevation in lead V1

(Brugada syndrome),
ST-segment and T-wave
abnormalities in leads V1, and V2

(right ventricular dysplasia), delta
waves (Wolf–Parkinson–White
syndrome)]

High degree of accuracy
in identifying specific
electrical abnormalities

High-resolution ECG
Late potentials on

signal-averaged electrocardiography
High negative predictive

value but low positive
predictive value

T-wave-alternans Primary predictive value
unknown

Markers of autonomic
nervous function

Presence of
conditioning factors

Exact predictive value
unknown

Heart-rate variability
Baroreflex sensitivity

Electrophysiologic testing Presence of permanent
substrate for ventri-
cular arrhythmias

High degree of accuracy in
specific high-risk
subgroups

Inducibility of sustained
tachyarrhythmia by
programmed electrical
stimulation

Abbreviations: ECG, electrocardiogram; NYHA, New York Heart Association.
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measurements such as QT dispersion, T wave alternans, signal-averaged electrocardio-

gram, and heart rate variability have been associated with an increased risk of sudden

death, but their clinical utility has been limited by either difficulties in measurement, poor

reproducibility, or questionable positive predictive value in unselected patients with heart

failure (3,20). To date, none of these adjunctive tests have been proven to discriminate

benefit from ICD therapy in large clinical trials.

Given the limitations of noninvasive testing, invasive electrophysiologic study with

programmed ventricular stimulation has been explored as a means of stratifying risk for

sudden death. In the Multicenter Unsustained Tachycardia Trial (MUSTT) of patients with

prior myocardial infarction and LVEF%0.40, inducibility of monomorphic ventricular

tachycardia during programmed ventricular stimulation predicted a 6–9% per year risk of

spontaneous sustained ventricular tachycardia or sudden death and identified patients that

derived a survival benefit from ICD therapy (26). However, among patients with severely

reduced ejection fraction, even those without inducible arrhythmias carry a measurably

increased risk of sudden death compared to the general population (27). In contrast to

ischemic cardiomyopathy, programmed ventricular stimulation is of limited utility in the

population of patients with nonischemic cardiomyopathy (28). As ejection fraction alone

may be an adequate discriminator of ICD benefit in many patients (see the results from the

MADIT-II and SCD-HeFT trials below), programmed stimulation is frequently offered for

risk stratification and selection for an ICD in patients in with LVEF 35–40% and ischemic

heart disease.

SELECTION OF HEART FAILURE PATIENTS
FOR DEFIBRILLATOR THERAPY

Implantable Defibrillators for Secondary Prevention
of Sudden Cardiac Death

Patients who survive cardiac arrest or symptomatic, sustained ventricular tachycardia,

merit some form of medical or device therapy due to the risk of recurrent events. The

comparative benefits of antiarrhythmic drugs and implantable defibrillators for secondary

prevention of sudden death in patients with underlying coronary artery disease has been

the subject of four prospective, randomized clinical trials: the Antiarrhythmics Versus

Implantable Defibrillators (AVID) (1) trial, the Cardiac Arrest Study Hamburg (CASH)

(3), the Canadian Implantable Defibrillator Study (CIDS) (2) and a small Dutch study by

Wever, et al. (29). Key characteristics for each of these trials are summarized in Table 2.

In aggregate, the secondary prevention trials have randomized predominantly men over

the age of 55 years with ischemic cardiomyopathy, LVEF!35%, and mild-moderate

heart failure symptoms to therapy with ICD or antiarrhythmic drugs (predominantly

amiodarone).

The largest of these trials, the AVID study, randomized 1016 patients with prior

resuscitated VF arrest, sustained VT with syncope, or symptomatic VT and EF%40%

to therapy with ICD or Class III antiarrhythmic drugs (96% amiodarone). Patients with

a transient or correctable cause of VT/VF (e.g. ischemia, hypokalemia, or drug toxicity)

were excluded. The majority of the patients enrolled had coronary artery disease (81%)

and LV dysfunction, with a mean ejection fraction of 31%. While most patients had

mild-moderate (NYHA II–III) symptoms of heart failure, nearly half denied functional

limitation (NYHA class I). Despite nearly 20% crossover from drug therapy to ICD, the

trial was terminated early due to evidence of reduced total mortality in the ICD arm.

At two-years, 82% of those randomized to defibrillator were alive, compared to 75% of
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Table 2 Randomized Trials of Implantable Defibrillators for the Secondary Prevention of

Sudden Death

Characteristic AVID CASH CIDS Wever et al.

Design ICD vs. AAD

(96% amiodar-

one, 3%

sotalol)

ICD vs. AAD

(amiodarone/

metoprolol/

propafenonea)

ICD vs. amiodar-

one

Early ICD vs.

AAD

(EP-study

guided, 50%

crossover to

ICD)

Years of recruit-

ment

1993–1997 1986–1997 1990–1997 1989–1993

# Pts. randomized 1016 288 659 60

# NICMP (%) 193 (19.0%) 36 (12.5%) 63 (9.6%) 0 (0%)

Inclusion criteria VF, VTCsyncope,

or symptomatic

VTCEF%40%

VF, VTCsyncope,

VTO150 beats/

minC

EF%35%,

or syncopeC

inducible

VT at EPS

VF Previous MI

Cprevious

VT/VF arrest

Mean duration of

follow up (mo)

18.2G12.2 57G34 36 27

Patients

Age, mean (yr) 65 58 58 58

% Male 79% 80% 84.5% 90

NYHA III/IV 9.5% 18% 10.8% 2%

LVEF (%) 0.32G0.13 0.46G0.18 0.34G0.14 0.30G0.12

Meds (baseline)

Beta-blocker 29.4% 1/3 Randomized

to metoprolol

27.5% 25%

ACE/ARB 69.5% 42% Not reported 47%

ICD type (no details

reported)

% Transvenous 93% 44% 84% Minority

% Epicardial 5% 54% 10% Majority

Endpoints

(ICD vs. control)

Total mortality 18% vs. 25%

at 2 yrs

17% vs. 25%

at 2 yrs

15% vs. 21%

at 2 yrs

14% vs. 35%

(crude)

RRR 32%, p!0.02 32%, pZNS 30%, pZNS –

Arrhythmic

mortality

3.0% vs. 7.4%

(crude)

1.5% vs. 5.1%

(crude)

3.0%/yr vs.

4.5%/yr

(pZ0.09)

3.4% vs. 12.9%

(crude)

Very few eventsa

aPropafenone arm in CASH terminated early due to excess mortality (all sudden deaths); data presented for ICD

versus amio/metoprolol.

Abbreviations: ICD, implantable cardioverter-defibrillator; AAD, antiarrhythmic drug; AVID, Amiodarone

Versus Implantable Defibrillator Trial; CASH, Cardiac Arrest Study Hamburg; CIDS, Canadian Implantable

Defibrillator Study; NICMP, nonischemic cardiomyopathy; VF, ventricular fibrillation; VT, ventricular

tachycardia; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association functional class;

CHF, congestive heart failure; ACE, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor-

blocker; RRR, relative risk reduction.
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those randomized to drug therapy (RR 0.73, 95% CI 0.52–0.94, p!0.02) (Fig. 1); this

benefit was entirely due to reduction in sudden deaths from ICD therapy relative to

antiarrhythmic drugs (30).

Overall, the results of all four large randomized trials of antiarrhythmic drugs

versus ICD therapy in the secondary prevention setting consistently suggest a survival

benefit to ICD therapy. A meta-analysis of pooled data from AVID, CASH, and

CIDS indicates a 28% relative reduction in the risk of overall mortality and a 50%

reduction in the risk of arrhythmic death for ICD versus amiodarone (Fig. 2) (31).

Ejection fraction, in particular, is an important discriminator of ICD benefit, with less

difference seen in outcomes between ICD- and amiodarone-treated patients with LVEFO
35% (Fig. 3) (32).

ICD therapy should therefore be considered as first-line treatment for patients

with ischemic heart disease and LVEF%40% who present with VF, unexplained

syncope, or symptomatic, sustained ventricular tachycardia. Device therapy should be

considered only after potential triggers of ventricular arrhythmia (such as ischemia,

electrolyte disturbances, or drug toxicity) have been investigated and addressed.

However, since even patients with a “corrected” cause for VT or VF may remain at

high risk for sudden death, the decision regarding device implantation must be

individualized (33).

ICD Therapy for Secondary Prevention in Patients

with Nonischemic Cardiomyopathy

The majority of cardiac arrest survivors studied in large clinical trials have had

evidence of prior myocardial infarction or underlying coronary artery disease. Across

all the four largest trials enrolling a total of 2023 patients, only 291 patients (14.4%)

could be classified as having NICM. Pooled analysis of NICM patients in AVID and
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Figure 1 Kaplan–Meier estimates of the probability of survival in the AVID trial, showing a

significant survival benefit to implantable cardioverter-defibrillator therapy over therapy with

antiarrhythmic drugs (p!0.02 by log-rank test).
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CIDS suggests a 31% reduction in mortality that remained statistically nonsignificant,

but is comparable to the estimated risk reduction in patients with ischemic

cardiomyopathy (21). Despite the lack of prospective, randomized studies, however,

there is ample data supporting the benefit to ICDs in secondary prevention among

patients with NICM. Observational epidemiologic studies suggest that up to 30% of

deaths in patients with NICM may be sudden (34). Mortality in medically treated

patients with NICM and a prior history of syncope may exceed 30% (35) at two years,

Name

AVID 1016 80 0.62 0.47, 0.81

191 37 0.83 0.52, 0.33

659 83 0.82 0.61, 0.10CIDS

CASH

n Events HR 95% CI

Fixed effects HR = 0.72 95% = 0.60, 0.87

Test for association (U = 11.77 on 1 df) P = 0.00060
Test for heterogeneity (Q = 2.37 on 2 df) P = 0.30550

Name

AVID 1016 24 0.43 0.27, 0.66

191 7 0.32 0.15, 0.69

659 30 0.68 0.43, 0.08CIDS

CASH

n Events HR 95% CI

Fixed effects HR = 0.50 95% = 0.37, 0.67

Test for association (U = 21.73 on 1 df) P = 0.00000
Test for heterogeneity (Q = 3.57 on 2 df) P = 0.16807

Total mortality

Arrhythmic mortality

Hazard ratio
1/8 1/4 1/2 1 2 4 8

Hazard ratio
1/8 1/4 1/2 1 2 4 8

Figure 2 Total and arrhythmic mortality from the pooled analysis of trials of implantable

cardioverter-defibrillator (ICD) in secondary prevention. Overall, there is a marked reduction in total

mortality associated with ICD therapy that is attributable primarily to a statistically significant

reduction in the risk of arrhythmic death. See text for explanation.
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Figure 3 Cumulative risk of overall mortality, pooled from the secondary prevention trials

(AVID, CASH, and CIDS) and stratified by ejection fraction. Ejection fraction is an important

discriminatory of benefit, with nearly all of the benefit of implantable cardioverter-defibrillator

therapy relative to amiodarone accruing to patients with EF%35%.
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while patients with NICM and prior unexplained syncope treated with a defibrillator

experience a high frequency of appropriate device therapies (36–38). ICD therapy is

indicated in patients NICM with resuscitated cardiac arrest requiring defibrillation, or

symptomatic, sustained VT. Furthermore, ICD therapy can be considered in patients

with NICM and prior syncope where either invasive or noninvasive evaluation has

failed to identify a cause.

Implantable Defibrillators for Primary Prevention
of Sudden Cardiac Death

Only a small fraction of sudden cardiac deaths occur in patients with a previous episode of

cardiac arrest and survival from out-of-hospital cardiac arrest remains poor, largely due to

a delay in the time to defibrillation (39). These observations have fueled increasing interest

in primary prevention of sudden death, both by expanding public access to external

defibrillators and by identifying populations of patients at high risk for sudden death who

might benefit from prophylactic defibrillator implantation. In the absence of critical

coronary artery disease or an underlying arrhythmic predisposition (such as long-QT

syndrome, arrhythmogenic right ventricular dysplasia, or the Brugada syndrome) patients

with preserved left ventricular function are at relatively low risk for fatal ventricular

arrhythmias. Clinical trials of ICDs in primary prevention have therefore focused instead

on patients felt to be at highest risk for sudden cardiac death—those with left ventricular

dysfunction and symptomatic heart failure, the vast majority of whom have underlying

coronary artery disease.

ICD Therapy for Primary Prevention in Patients with Ischemic Cardiomyopathy

As noted in the previous chapter, the persistence of viable myocardium within islands

of infarct scar provides the electrical substrate for re-entrant ventricular arrhythmias.

The comparative benefits of ICD therapy versus conventional medical therapy for

sudden death prophylaxis in patients with ischemic cardiomyopathy have been the

subject of five large, randomized clinical trials over the last decade: the Multicenter

Automated Defibrillator Implantation Trials (MADIT (40) and MADIT II (41)), the

Coronary Artery Bypass Graft-Patch Trial (CABG-Patch (42)), the Multicenter

Unsustained Tachycardia Trial (MUSTT (43)), and the Defibrillator In Acute

Myocardial Infarction Trial (DINAMIT (44)). Important characteristics and results of

each of these trials are summarized in Table 3. Two additional trials enrolling patients

with both ischemic cardiomyopathy and nonischemic cardiomyopathy have also been

performed: the Sudden Cardiac Death Heart Failure Trial (SCD-HeFT) and the

Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure

(COMPANION) Trial.

MADIT

The MADIT trial randomized 196 patients with coronary artery disease, LVEF%35%, and

spontaneous nonsustained VT who had inducible, nonsuppressible monomorphic VT with

programmed ventricular stimulation at electrophysiologic study to therapy with an

implantable defibrillator or conventional medical therapy. Of those randomized to medical

therapy, 80% received amiodarone, while 11% received Class IA antiarrhythmic drugs

and 9% received no specific antiarrhythmic therapy. Patients with NYHA Class IV heart

failure were excluded. A significant reduction in mortality was seen in ICD-treated
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Table 3 Randomized Trials of Implantable Defibrillators for the Primary Prevention of Sudden

Death in Patients with Coronary Artery Disease

Characteristic MADIT CABG-patch MUSTT MADIT-II DINAMIT

Design ICD vs. AAD

(80% amio-

darone, 11%

Class IA

AAD)

ICD vs. usual

care

(no protocol

driven

AAD)

EPS-guided rx

(ICD

or AAD) vs.

no AAD

(26% Class

IA, 10%

amiodarone,

9% sotalol)

ICD vs. con-

ventional

therapy

ICD vs. con-

ventional

therapy

Years of

recruitment

1990–1996 1990–1997 1990–1996 1997–2001 1998–2003

# Pts. random-

ized

196 900 704 1232 674

Inclusion cri-

teria

CADC

EF%35%C

NSVT

Cinducible,

nonsuppres-

sible sus-

tained

monomor-

phic VT

CAD under-

going

CABGC

EF%35%C

abnormal

SAECG

CADC

EF%40%C

NSVT

Cinducible

VT at EPS

CAD

CEF%30%

Recent MIC

EF%35%C

abnormal

autonomic

function

Mean duration

of follow up

(mo)

27 32G16 39 20 30G13

Patients

Age, mean

(yr)

63 63 67 65 62

% Male 92% 84% 90% 85% 76%

NYHA II/III 65% 73% 63% 60% 87%

LVEF (%) 0.26G0.07 0.27G0.06 0.30 0.23G0.05 0.28G0.05

Meds

(baseline,

ICD vs.

AAD)

Beta-blocker 27% vs. 15% 17.9% vs.

24.0%

29% vs. 51%a 70% 87%

ACE/ARB 60% vs. 55% 54.7% vs.

53.8%

72% vs. 77%a 70% 95%

ICD type

% Transve-

nous

53% 0% Not reported 97.2% 94%

% Epicardial 47% 97.3% Not reported 0% 0%

Endpoints (ICD

vs. control)

Total mor-

tality

16% vs. 34% at

1 yr

27% vs. 24% at

4 yrs

24% vs. 55% at

5 yrsb

14% vs. 19.8%

at 1.8 yr

7.5% vs. 6.9%

per yr

Hazard ratio

for mortality

0.46,

p!0.009

1.07, pZ0.64

(NS)

0.40,

p!0.001

0.69,

pZ0.016

1.08, pZ0.66

(NS)

(Continued)
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patients. The mortality at one year was 16% in the ICD group and 34% in the conventional

therapy group. Most of the benefit to ICD therapy was due to a reduction in arrhythmic

mortality (3.2% vs. 13%). Despite some study limitations, MADIT was a landmark trial,

documenting potential benefit to prophylactic ICD implantation in selected, high risk

patients with ischemic cardiomyopathy, paving the way for a series of confirmatory trials

and expanding indications for ICD therapy.

CABG-Patch

The CABG-Patch trial examined the potential benefit to ICD therapy in a different subset of

patients with coronary artery disease and LV dysfunction. In this study, 900 patients with

LVEF%35%, an abnormal signal-averaged electrocardiogram, and coronary artery disease

slated for bypass surgery were randomized to implantation of an epicardial ICD system

at the time of surgery or usual perioperative care. The trial results were dramatically

different than in the MADIT trial, with termination for futility at a mean follow-up duration

of 32 months. Mortality in the ICD-treated patients was 27%, versus 24% in the

conventional therapy arm at four years, generating a hazard ratio of 1.07 for all-cause

mortality (pZ0.64, NS).

The differential benefit of ICD therapy in MADIT and CABG-Patch may have

more than one explanation. Mortality in CABG-Patch likely included a larger proportion

of perioperative, non-arrhythmic deaths that would be uninfluenced by ICD therapy. All

patients received epicardial ICD systems, while nearly half received transvenous systems

in MADIT. Patients enrolled in MADIT had inducible VT at EP study, while those in

CABG-Patch qualified on the basis of an abnormal signal-averaged ECG; this may have

led to inclusion of a population at lower-risk of arrhythmic death. Patients in CABG-

Patch underwent surgical revascularization, which may have had independent

antiarrhythmic benefits in this population, reducing the margin for benefit of ICD

therapy. Finally, the CABG-Patch trial did not take into account the possibility for

improvement of ventricular function after revascularization, while the subjects in the

MADIT trial had to have reduced ejection fraction documented at least three months

after any bypass surgery.

Table 3 Randomized Trials of Implantable Defibrillators for the Primary Prevention of Sudden

Death in Patients with Coronary Artery Disease (Continued)

Characteristic MADIT CABG-patch MUSTT MADIT-II DINAMIT

Arrhythmic

mortality

3.2% vs. 13.0%

(crude)

3.4% vs.

6.2% (crude)

9% vs. 37%b Not reported 1.5% vs. 3.5%

per yr

0.42,

pZ0.009

aReported rates are for EPS-guided therapy versus control.
bReported rates are for ICD versus non-ICD among patients randomized to EPS-guided therapy.

Abbreviations: ICD, implantable cardioverter-defibrillator; AAD, antiarrhythmic drug; MADIT, Multicenter

Automated Defibrillator Implantation Trial; CABG, coronary artery bypass grafting; MUSTT, Multicenter

Unsustained Tachycardia Trial; VF, ventricular fibrillation; VT, ventricular tachycardia; LVEF, left ventricular

ejection fraction; NYHA, New York Heart Association functional class; CHF, congestive heart failure; ACE,

angiotensin converting enzyme inhibitor; ARB, angiotensin receptor-blocker.
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MUSTT

The MUSTT trial randomized patients with coronary artery disease, LVEF%40%, and

asymptomatic unsustained ventricular tachycardia to a strategy of antiarrhythmic therapy

(including drugs and defibrillators) guided by electrophysiologic (EP) study or no

antiarrhythmic therapy. The primary endpoint, a composite of cardiac arrest or arrhythmic

death, was significantly lower in the group randomized to EP testing, with the reduction in

mortality and morbidity mainly due to a reduction in arrhythmic death in the patients

receiving an implantable defibrillator because of inducible ventricular tachycardia during

programmed stimulation. Sudden death rates at five years were 9% in the ICD arm, 32% in

those receiving antiarrhythmic drugs, and 37% for those receiving no antiarrhythmic

therapy (RR for ICD vs. non-ICD patientsZ0.24, p!0.001); antiarrhythmic drug therapy

in this population, predominantly with class IA antiarrhythmic drugs, was associated with

no mortality benefit relative to control. The MUSTT study thus demonstrated that

electrophysiologic study can be utilized effectively to risk stratify patients with ischemic

cardiomyopathy and guide ICD therapy for primary prevention of sudden death. It also

reinforced the concept that even if they are effective in acute suppression arrhythmias,

antiarrhythmic drugs are less effective than defibrillators with regard to sudden

death prevention.

MADIT II

The MADIT II trial randomized patients with prior myocardial infarction (O1 month prior

to entry) and LVEF%30% to ICD or conventional medical therapy. During an average

follow-up of 20 months, mortality was significantly lower in the ICD group (14.2%)

compared to conventional medical therapy (19.8%) (Fig. 4). This trial demonstrated that

a LVEF!30% in patients with ischemic cardiomyopathy was sufficient alone to

discriminate patients who would derive a mortality benefit from ICD therapy. Based upon

the results of MUSTT and MADIT-II, a reasonable strategy for primary prevention of

sudden death in patients with ischemic heart disease is to offer ICD therapy in patients

with LVEF%30%, and programmed ventricular stimulation in patients with LVEF

between 30% and 40% with ICD therapy when ventricular tachycardia is inducible (45).

1.0

0.9

0.8

0.7

0.6

0.0
0 1 2 3 4

Year

Conventional

Defibrillator

P
ro

ba
bi

lit
y 

of
 S

ur
vi

va
l

No.At Risk
Defibrillator 742 503 (0.91) 274 (0.84) 110 (0.78) 9
Conventional 490 329 (0.90) 170 (0.78) 65 (0.69) 3

Figure 4 Kaplan–Meier estimates of the probability of survival in the two arms of the MADIT II

trial. The difference in survival between the two groups was significant (nominal pZ0.007, by the

log-rank test).
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Enthusiasm for broad application of prophylactic ICD therapy has been tempered only

slightly by the trend of increased heart failure hospitalizations in ICD-treated patients in

MADIT II, perhaps as a consequence of unnecessary and deleterious right ventricular

apical pacing.

DINAMIT

The DINAMIT trial was designed to extend the MADIT II observations to a population

with recent myocardial infarction, based on the recognition that the risk of arrhythmia is

greatest in the days immediately following myocardial infarction. The trial randomized

patients who had a myocardial infarction within 6–40 days of enrollment, an ejection

fraction %35%, and evidence of impaired autonomic function (manifest as depressed

heart rate variability or elevated average HR on 24-hour Holter monitoring) to ICD or

conventional therapy. Nearly all patients had symptomatic heart failure and were

optimally treated with ace-inhibitors, beta-blockers, and diuretics. In contrast to prior trials

of device therapy, no difference in overall mortality was observed in the two treatment

groups over 30 months of follow-up. While ICD therapy was associated with a statistically

significant reduction in arrhythmic death, this benefit was offset by an increase in death

from non-arrhythmic (though largely cardiovascular) causes.

The lack of clear benefit to ICD therapy in DINAMIT has been challenging to

explain. The close proximity of ICD implantation to myocardial infarction may be a

relevant factor. Though peri-infarct ventricular arrhythmias are common, the incidence of

sudden death is markedly reduced by modern medical therapy (particularly coronary

revascularization and beta-blockade) and falls off rapidly within the first 30 days after

infarction, coincident with healing of the acute injury. Subsequently, the mortality rate in

stable infarct survivors increases steadily as a function of time, with the greatest risk of

death seen in those most remote from infarction. ICD benefit in MADIT II, therefore, was

greatest in those most temporally removed from their infarct (46). Based upon the results

of DINAMIT, there is no evidence to support ICD therapy for primary prevention of

sudden death in the early post-infarction setting with newly documented reduced

ejection fraction.

ICD Therapy for Primary Prevention in Patients with Nonischemic Cardiomyopathy

Patients with NICM comprise a heterogeneous group of patients in whom identification of

those at high risk for sudden death is complicated by the inadequate predictive accuracy of

both electrophysiologic study and available noninvasive tests for arrhythmia risk

prediction (47,48). Recognition that deteriorating left ventricular function, independent

of etiology, is associated with an increased risk of sudden cardiac death (49) has prompted

efforts to explore the benefit of prophylactic ICD therapy in the population of patients with

NICM (Table 4).

The largest trial to date of ICD therapy for primary prevention of sudden death that

included a significant proportion of patients with NICM is the SCD-HeFT trial (50).

This study randomized patients with congestive heart failure and left ventricular ejection

fraction %35% to therapy with ICD, amiodarone, or placebo. Heart failure symptoms

(70% NYHA Class II, 30% Class III) were a precondition for enrollment. Nearly half of

the 2521 patients enrolled had nonischemic cardiomyopathy. ICD therapy was associated

with a statistically significant reduction in overall mortality (22%) relative to placebo

(29%) at five years follow-up while amiodarone failed to confer the same mortality benefit

(Fig. 5). Importantly, there was a non-significant trend to benefit in the subgroup of NICM

patients, a result replicated in the Defibrillators in Non-Ischemic Cardiomyopathy
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Table 4 Randomized Trials of Implantable Defibrillators for the Primary Prevention of Sudden

Death Enrolling Patients with Nonischemic Cardiomyopathy (NICM)

Characteristic Cat Amiovirt Definite SCD-HeFT Companion

Design ICD vs. medical

therapy

ICD vs. amio-

darone

ICD vs. medical

therapy

ICD vs. amio-

darone vs.

placebo

CRT-D vs. CRT

vs. medical

rx (2:2:1)

Years of

recruitment

1991–1997 1996–2000 1998–2002 1997–2001 2000–2002

# Pts. random-

ized

104 103 458 2521 (CRT-D vs. med

only) 903

# NICM 104 (100%) 103 (100%) 458 (100%) 1211 (48%) 394 (43.6%)

Inclusion cri-

teria

NICM (!9 mos

duration)

CEF%30%

NICM (mean

3.2 yrs

duration)

CEF%35%

CNSVT

NICM (mean

2.8 yrs

duration)

CEF%35%

CNSVT or

frequent

PVC’s

CHF (Class

II/III)

CEF%30%

CHF (Class

III/IV)

CEF%35%

CQRSR120

msC

PRR150 ms

Mean duration

of follow up

(mo)

66G26.4 24G14.4 29G14.4 45.5 15

Patients

Age, mean (yr) 52 59 58 60 67

% Male 80% 70% 71% 76% 67%

NYHA II/III 34.6% 20% 21% 100% 87%

LVEF (%) 0.24G0.07 0.23G0.09 0.21G0.14 0.25G0.05 0.22

Meds (base

line, ICD

vs. cntrl)

Beta-blocker 3.8% 51.5% 84.9% 69% (all groups) 69% vs. 66%

ACE/ARB 96.2% 85% 96.7% 96% (all groups) 90% vs. 89%

ICD type

% Transvenous w100% w100% 99.1% 98% 91%

% Epicardial 0% 0% 0% 0% 0%

Endpoints (ICD

vs. control)

Total mortality 8% vs. 9%

at 2 yrs

13% vs. 12%

at 3 yrs

7.9% vs. 14.1%

at 2 yrs

22% vs. 29%

at 5 yrs

16% vs. 25%

Hazard ratio

for mortality

0.89, pZNS 1.08, pZ0.8

(NS)

0.65, pZ0.08

(NS)

0.77,

pZ0.007

0.64,

pZ0.003

Arrhythmic

mortality

Not reported No significant

difference

1.3% vs. 6.1%

(pZ0.006)

Not reported Not reported

Abbreviations: NICM, nonischemic cardiomyopathy; ICD, implantable cardioverter-defibrillator; CRT-D,

cardiac resynchronization therapyCdefibrillator; NSVT, non-sustained ventricular tachycardia; PVC, premature

ventricular contraction; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association functional

class; CHF, congestive heart failure; ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin

receptorZblocker; NS, not significant.
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Treatment Evaluation (DEFINITE) trial enrolling exclusively patients with NICM (51).

While earlier trials (CAT (52), AMIOVIRT (53)) failed to demonstrate a benefit of ICD

therapy in this population, the small numbers of patients enrolled may account for the

different results. One further study, the Comparison of Medical Therapy, Pacing, and

Defibrillation in Heart Failure (COMPANION) Trial (54), randomized patients with heart

failure, ICM or NICM, and QRS duration O120 ms in a 1:2:2 ratio to receive optimal

pharmacologic therapy alone (OPT) or in combination with cardiac resynchronization

therapy with either a pacemaker (CRT) or pacemaker-defibrillator (CRT-D). CRT-D

reduced all-cause mortality relative to OPT (HR0.64, pZ0.003), and this result remained

significant in the subgroup with NICM. Since cardiac resynchronization therapy may in

itself reduce mortality in appropriately selected heart failure patients (55), the incremental

benefit of ICD therapy is difficult to discern. Taken together, however, the randomized

controlled trials of ICD therapy suggest a benefit of prophylactic defibrillator implantation

in the broader population of patients with symptomatic heart failure and LV dysfunction,

independent of etiology.

Integrating the Trial Data: ICD in Primary Prevention of Sudden Death

Overall, the data supporting the use of defibrillators in patients with advanced heart

disease are most reproducible in the population of patients with ischemic cardiomyopathy.

Though the initial trials of ICD therapy in this population utilized an arrhythmia qualifier

for inclusion (nonsustained VT, late potentials on signal-averaged ECG, inducibility at

electrophysiologic study), the results of the MADIT II trial suggest that prior myocardial

infarction and LVEF%30% alone identify a population of patients likely to experience

a reduction in all-cause mortality with ICD therapy.

The benefits of ICD therapy in primary prevention of sudden cardiac death,

however, are not likely to be equal in all patients with coronary artery disease and LV

M
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0.0
0 12 24 36 48 60

Amiodarone
(240 deaths; 5-yr event rate, 0.340)

Placebo
(244 deaths; 5-yr event rate, 0.361)

Months of Follow-up

No. at Risk
Amiodarone
Placebo
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97 
89 
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484 
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715 
724 
733

772 
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778
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(182 deaths; 5-yr event rate, 0.289)

P ValueHazard Ratio (97.5% CI)
Amiodarone vs. placebo
ICD therapy vs. placebo

1.06 (0.86−1.30)
0.77 (0.62−0.96)

0.53
0.007

Figure 5 Kaplan–Meier estimates of the probability of survival in the SCD-HeFT trial.

Implantable cardioverter-defibrillator therapy was associated with a statistically significant reduction

in overall mortality relative to placebo, while amiodarone was not.
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dysfunction. The DINAMIT trial results suggest that implantation of ICD in the peri-

infarct setting may not be beneficial. Subgroup analyses of the CIDS and MADIT trials

suggest that the greatest benefits of ICD therapy are seen in the patients with advanced

heart failure who are at highest risk of arrhythmic death; in the MADIT population,

LVEF%26%, QRS duration R120 ms, and history of treatment for symptomatic heart

failure together identified a subset receiving a nearly 80% reduction in the hazard for all-

cause mortality with ICD treatment (56). It should be emphasized, however, that patients

with the most advanced heart failure symptoms (NYHA Class IV) have been

systematically excluded from the defibrillator trials; since advancing heart failure is

associated with an increased risk for both sudden and non-sudden (pump-failure-related)

death, there may be diminishing returns to ICD therapy in the population with very late-

stage disease. As with other conditions that might increase the short-term risk of death

from non-arrhythmic causes, the clinical course of end-stage heart failure is unlikely to be

altered by ICD implantation.

While no single trial of ICD in primary prevention has demonstrated a statistically

significant reduction in mortality amongst patients with non-ischemic cardiomyopathy,

the data in aggregate suggest that the relative benefit for this population is comparable to

those with ischemic heart disease. A recent meta-analysis of 1854 patients with NICM

enrolled in five separate trials of prophylactic ICD therapy suggested a composite 31% risk

reduction in all-cause mortality relative to best medical therapy for heart failure that was

robust in sensitivity analyses (Fig. 6) (57). Importantly, the relatively low annual mortality

amongst medically treated patients in the primary prevention setting necessarily implies

a small absolute mortality benefit to ICD therapy in NICM. Assuming a mortality of w7%

per year (as in the DEFINITE trial) and a 31% relative risk reduction, one could expect

ICD therapy to result in an absolute reduction of w2% per year in all-cause mortality.

Though this benefit may be less than in secondary prevention, and slightly less than in

those with concomitant coronary artery disease, however, it is now clear that prophylactic

ICD therapy is efficacious in preventing sudden death in selected patients with

Risk Ratio
.5 1 1.5 2 2.5

0.55,0.870.691854Combined

0.29,0.880.5397COMPANION
(2000-2002)

0.50,1.040.73792SCD-HeFT
(1997-2001)

458

103

N

104

0.40,1.060.65DEFINITE
(1998-2002)

0.31,2.420.87AMIOVIRT
(1996-2000)

95% CI

0.45,1.82

RR

0.83

Study

CAT
(1991-1997)

Favors ICD Favors No ICD

χ2
4= 1.969

(p=0.741)

Figure 6 Fixed effects meta-analysis of prophylactic implantable cardioverter-defibrillator (ICD)

therapy in nonischemic cardiomyopathy, demonstrating a statistically significant 31% overall

reduction in mortality with ICD.
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cardiomyopathy who meet the inclusion criteria for the trials discussed above

(LVEF%30%, symptomatic heart failure [NYHA Class II–III]).

Device Selection and Implantation

The vast majority of modern ICD systems consist of two basic components: a pulse

generator, which contains a battery, a capacitor, memory, and integrated circuitry

necessary for coordinated device operation, and a lead system, which contains both

shocking coils and electrodes for pacing and sensing. The pulse generator is typically

implanted in a subcutaneous pocket in the left pectoral region in order to achieve an

optimal vector for defibrillation of the heart between a shocking coil in the right ventricle,

and the generator. An additional shocking coil is typically present on the right ventricular

lead in the region of the superior vena cava-right atrial junction (Fig. 7). Virtually all

systems are implanted transvenously, and may be configured for atrial, ventricular, or

coronary sinus pacing for bradycardia or cardiac resynchronization in addition to

tachycardia recognition and termination. The ICD functions by continuously monitoring

the ventricular rate, and triggering sequential therapies (such as burst antitachycardia

Shock
coil

Pulse generator

Circuitry

Battery
Casing

(cut away)

Shock
coil Pacing

electrodes

Figure 7 Diagram of a single-chamber implantable cardioverter-defibrillator system. The system

consists of a pulse generator, usually implanted in a subcutaneous pocket in the pectoral region of the

left chest, and a transvenous lead, with shock coils and pacing electrodes. Additional leads may be

inserted into the generator header to permit atrial pacing and/or left ventricular pacing for cardiac

resynchronization.
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pacing or shocks of varying voltage) based on operator-programmed heart rate thresholds.

Additional features include programs for discrimination between supraventricular and

ventricular arrhythmias, and minimization of unnecessary ventricular pacing. Despite

programs to attempt to discriminate supraventricular tachycardia from ventricular

tachycardia, inappropriate therapies for atrial arrhythmias still occur.

Device Selection

The decision regarding what type of device to implant turns on two issues: first, the need

for physiologic pacing support independent of defibrillation, which conditions the choice

of single- or dual-chamber device; and second, the need for cardiac resynchronization,

which usually requires implantation of leads for atrial and biventricular pacing as well as a

pulse generator capable of supporting both resynchronization and defibrillation.

Ventricular pacing support is a critical feature of all ICDs, as there is a need to

deliver antitachycardia pacing and to prevent potentially lethal bradycardia on either a

continuing basis or after defibrillation. While a single-chamber device is adequate for

many patients, dual-chamber devices may be necessary for those with indications for

physiologic pacing support (e.g. sinus node dysfunction). In addition, dual-chamber

devices offer the possible advantages of atrial electrogram storage, enhanced arrhythmia

discrimination algorithms, and the potential to treat atrial arrhythmia by pacing

or defibrillation.

The choice of a single-chamber ICD programmed for VVI pacing versus a dual

chamber ICD programmed for DDD pacing in patients without a clear bradycardia pacing

indication has been the subject of investigation. In the Dual Chamber and VVI Implantable

Defibrillator (DAVID) trial (58), 506 patients with a left ventricular ejection

fraction %40%, an indication for ICD, no atrial arrhythmias, and no indication for pacing

underwent implantation of a dual chamber defibrillator and were then randomized to one of

two programming modes: VVI pacing at 40 beats/min versus DDDR pacing at 70 beats/

min. All patients received aggressive medical therapy for heart failure, and the primary

endpoint was a composite of death or hospitalization for heart failure. At one year, 26.7% of

the patients assigned to DDD pacing versus 16.1% of those assigned to VVI pacing achieved

the composite endpoint of death or hospitalization for heart failure (p!0.05), suggesting

a potential increase in the rate of death or hospitalization in patients receiving dual-

chamber pacing.

The apparent survival advantage to VVI-assigned patients, however, was

confounded by a high frequency of obligate ventricular pacing in the DDD-assigned

patients as a consequence of the high set rate (70 beats/min) and inadequate programmed

AV delay. In patients with a narrow QRS complex at baseline, pacing from the RV apex

mimics a myocardial activation pattern of left bundle branch block, desynchronizes left

ventricular contraction and may lead to congestive heart failure (59). The frequency of

ventricular pacing, rather than the pacing mode or choice of device, may be the critical

factor governing outcomes in patients with heart failure and normal interventricular

conduction. Indeed, this is a potential explanation for the slight increase in heart failure

hospitalizations noted in ICD-treated patients in the MADIT II trial, and the association

between cumulative ventricular pacing and risk of both heart failure and atrial fibrillation

in patients with normal baseline QRS duration in the Mode Selection Trial of DDDR

vs. VVIR pacing for sinus node dysfunction (60). Programming of single- or dual-chamber

ICDs in patients with heart failure and intact ventricular synchrony should take into

account the potentially deleterious effects of RV pacing and seek to maximize native

ventricular activation.
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Risks of Implantation

The evolution of the implantable defibrillator from a large abdominal device requiring

thoracotomy for epicardial lead placement to a smaller, transvenous system has markedly

reduced the incidence of procedural complications (Table 5). Mortality associated with

defibrillator implant is less than 1% when a nonthoracotomy approach is utilized (61).

Risks of implant also include a 1–2% risk of bleeding or infection, and risk of

pneumothorax/hemothorax as a consequence of axilllary or subclavian venous puncture.

Cardiac perforation during lead placement is uncommon but can lead to tamponade.

Device testing is usually performed at insertion by induction of ventricular fibrillation to

identify the threshold energy necessary for successful defibrillation; the device is typically

programmed to deliver the first shock at 10 J greater than this threshold to ensure an

adequate safety margin for effective device operation. Since active myocardial ischemia or

decompensated heart failure can increase the risk of device implantation and testing, such

problems must be addressed ahead of time. After successful insertion, generator life is

variable and largely a function of current drain related to the frequency of pacing and

device discharges (usually 5–6 yr).

Modern-generation defibrillators have a very high sensitivity for detection of lethal

ventricular arrhythmias. This occurs at the expense of a rate of inappropriate delivery of

therapy in the range of 15% or more per year despite technology to avoid inappropriate

sensing and algorithms designed to differentiate supraventricular and ventricular

arrhythmias (62). Fractures in a lead or failure in the insulation can cause false signals,

which, when detected, prompt delivery of inappropriate shocks. Strong electromagnetic

fields may interfere with the function of a defibrillator, and inappropriate therapy can

result from noise due to devices that generate electrical current or magnetic fields

(e.g., cautery and magnetic resonance imaging) or by the use of motors, appliances,

cellular phones, and security and anti-theft devices.

Repeated shocks may also have important psychological effect, with many patients

reporting significant anxiety with lasting impact on their physical functioning and mental

well being (63). Interest in reducing the frequency of painful shocks has fueled an

increasing preference for programming aggressive antitachycardia pacing to treat fast

ventricular tachycardia and reserving high-energy shocks as a therapy of last resort (64).

CONCLUSIONS

A significant percentage of sudden deaths in patients with advanced heart disease can be

treated effectively by ICDs. However, since sudden death due to stroke, pulmonary

Table 5 Implantable Defibrillator Therapy: Complications

Implant-related complications

Infection

Pneumothorax

Cardiac perforation/tamponade

Hematoma

Complications from ventricular fibrillation induction testing

Death

Device-related complications

Inappropriate shocks

Worsening heart failure from right ventricular pacing
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emboli, hyperkalemia, myocardial infarction, and progressive pump failure may also

occur, the relative benefit of a defibrillator in any given patient is determined by a balanced

clinical assessment of the likelihood of death from primary arrhythmia and the likelihood

of death from other causes. In the secondary prevention setting, where the risk of recurrent

arrhythmia may exceed 30%, the benefits to ICD implantation are quite clear. In the

primary prevention setting, where the absolute mortality risk is smaller, there is still

a consistent and reproducible mortality reduction with ICD therapy in carefully selected

patients with LV dysfunction and symptomatic heart failure, independent of etiology.

A summary of currently accepted indications for ICD implantation is outlined in Table 6.

Not all patients with reduced ejection fractions are appropriate for an ICD. A defibrillator

in patients with end-stage heart disease or other conditions associated with limited survival

may actually impair quality of life by delivering repeated shocks without meaningful

prolongation of survival. Careful consideration should be given to patient preferences and

overall prognosis in selection of candidates for device implantation. Despite the growing

body of evidence supporting the use of defibrillators, the decision to implant an ICD must

always be individualized.
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Device Therapy for Heart Failure
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INTRA-AORTIC BALLOON COUNTERPULSATION (IABP)

In 1953, Kantrowitz and Kantrowitz conceived of a novel approach to improving coronary

blood flow to the ischemic myocardium by delaying the arterial pulse into the diastolic

period (1). They extended this principle of diastolic augmentation by stimulating a

hemidiaphragm wrapped around the distal thoracic aorta in diastole, thereby providing the

first description of an auxiliary ventricle (2). Simultaneously, Harken, working in the

Harvard Surgical Research Laboratory, hypothesized that the rapid removal of blood from

the arterial circulation during systole (and returned during diastole) could decrease the

pressure work of the heart (3). Such a device, the “arterial counterpulsator” was built by

Birtwell and saw brief clinical use but was limited by an inability to move the blood back

and forth rapidly enough without excessive hemolysis (4). Clauss (5) and Moulopoulos

(6), working independently, developed the use of an inflatable chamber within the aorta as

an arterial counterpulsator. In 1968, Kantrowitz reported the successful resuscitation of a

patient with medically refractory cardiogenic shock following a myocardial infarction

using helium to rapidly inflate and deflate an intra-aortic balloon placed via the femoral

artery (without the need for thoracic surgery) (7). The Datascope Corporation developed a

percutaneously insertable device in 1979, introducing the modern era of emergent arterial

counterpulsation (8). IABP has now become standard equipment in all institutions that

offer advanced cardiovascular care due to its ease of placement, cost, availability,

simplicity, and clinical track record. Its effectiveness has been well-documented and

counterpulsation is now considered a Class I indication by the American College of

Cardiology and the American Heart Association for the management of pharmacologi-

cally resistant cardiogenic shock (9). IABP is the most commonly used circulatory assist

device in the world. The clinical use of IABP has also evolved rapidly and its

contemporary use includes the support of the circulation during percutaneous coronary

intervention, cardiac surgical procedures, and bridging of patients with both acute and

chronic heart failure to more definitive therapies. Recent and future developments in

counterpulsation technology are now testing the effectiveness and feasibility of using
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noninvasive counterpulsation, EECP, as well as surgically implanted permanent devices

for the chronic management of heart failure.

The basic principle of counterpulsation is relatively simple: to augment diastolic

coronary blood flow through inflation of an intravascular balloon during diastole and to

decrease the pulsatile resistance to ventricular ejection through the rapid deflation of the

intravascular balloon during systole. These actions improve myocardial oxygen supply

and demand mismatch, increase the cardiac output, and improve end organ perfusion

pressure. When instituted early in cardiogenic shock, counterpulsation increases human

coronary blood flow by 34% with a concomitant change in myocardial metabolism from

lactate production to lactate extraction and a decrease in myocardial oxygen consumption

from 79% to 61% (10,11). However, without a more definitive therapy of shock, these

improvements may wane quickly (12).

When deflation of the intra-aortic balloon is properly timed, ventricular afterload

decreases due to the decrease in impedance to ventricular ejection as the aortic volume is

suddenly diminished. Consequently, stroke volume increases by as much as 34% with the

largest increases in those with the worst LV function (Fig. 1) (13). Myocardial wall stress

also falls as left ventricular end-diastolic pressure decreases by as much as 40% and the
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peak LV systolic pressure falls by as much as 20% (14). Changes in systemic vascular

resistance (SVR) are more difficult to quantify since mean arterial blood pressure, which is

directly proportional to vascular resistance, can rise with IABP support, leading to the

potential to overestimate the true vascular resistance using the calculated SVR. However,

pulsatile resistance, or impedence, and ventricular vascular coupling improve measurably

(15). Most importantly, contractile performance, as assessed by ejection fraction, dP/dT,

and the endsystolic elastance also improves, presumably due the improved coronary blood

flow, decreased aortic impedance (15), and improvements in ventricular mechanical

synchrony, a powerful determinant of LV performance (Fig. 1) (14).

The hemodynamic effectiveness of IABP is dependent upon several factors

including the position of the balloon within the descending thoracic aorta, the balloon

displacement volume, the relationship of balloon to aortic diameter, the type of inflating

gas, inflation/deflation timing, and hemodynamic variables such as circulating blood

volume, blood pressure, and vascular resistance (16). The ideal position of the IABP is

within 1 cm of the left subclavian artery origin. The blood displacement volume should be

less than the ventricular stroke volume in order to prevent retrograde flow in the coronary

arteries and aortic branches. The current standard volume is 40 cc for the average adult and

approximates the lower limit of stroke volume in the failing heart. The balloon diameter

should not be occlusive and is in general 75%–90% of the aortic diameter. Most

commercially available devices range from 16–18 mm since the human mid-thoracic aorta

is generally greater than 19 mm. Helium is the ideal gas since it is far less dense than

carbon dioxide, which facilitates its rapid shuttling in and out of the intra-aortic balloon.

Inflation and deflation timing is critical and typically gated to either the EKG or the

intraaortic waveform. Early inflation and late deflation will lead to obstruction of

ventricular ejection in late and early systole respectively, leading to increased myocardial

afterload, myocardial oxygen consumption, increased ventricular preload, and decreased

stroke volumes (13).

There is extensive published clinical experience with the short-term use (i.e., less

than 5 days) of IABP for the management of acute ischemic heart disease and cardiogenic

shock, and as adjunctive therapy for high-risk cardiac surgery and percutaneous coronary

intervention. A discussion of IABP use for cardiac surgery and PCI can be found

elsewhere (16,17). Indications, contraindications, and complications of IABP are listed in

Tables 1–3. However, despite its AHA/ACC Class I indication and its effectiveness in

published experiences, the use of counterpulsation in shock accompanying acute

myocardial infarction varies widely. For example, in the GUSTO experience, only one

Table 1 Indications for Intra-aortic Balloon Counterpulsation

Cardiogenic shock

Acute mitral regurgitation

Acute ventricular septal defect

Myocardial infarction

Post cardiotomy syndrome

Aortic stenosis (uncommon)

Medically refractory unstable angina

Medically refractory severe heart failure

Unstable incessant ventricular arrhythmias

Support of high-risk percutaneous interventions

Support of high-risk cardiac surgical procedures

Bridging to heart transplantation
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third of U.S. centers employed counterpulsation for cardiogenic shock despite trends

toward improved 30 day and one year mortality (18).

Although IABP is effective in reversing the hemodynamic picture of shock, survival

may still be poor due to the level of illness. In early series of IABP for shock from acute

myocardial infarction, survival was a sobering 16%–24% (19,20). Advances in cardiac

surgery, interventional cardiology, and medical therapy for acute myocardial infarction and

better patient selection have increased survival and more contemporary series of patients

with myocardial infarction and shock demonstrate improved but still high mortality rates.

In the largest published series of IABP use (4756 cases) from the Massachusetts General

Hospital (MGH), which has used IABP since the late 1960’s, mortality has decreased from

41% to 20% despite an increasing mean age (54 to 66 yr) (21). In part, this improvement in

mortality reflects a change in the type of patient who receives IABP support at the MGH.

Since 1968, the use of IABP for ischemic heart disease (with a mortality of 11.9%) has

increased from 28.4% to 65.4% of all pumps used. In their series, mortality when IABP

support is used for hemodynamic reasons (heart failure, hypotension, shock) was much

higher at 38.2% but represented fewer proportional cases of their total recent experience.

In this series, independent predictors of death included insertion in the operating room or

intensive care unit, transthoracic insertion, age, procedure other than coronary angioplasty

or coronary bypass surgery, or placement for cardiogenic shock.

In cardiogenic shock unrelated to coronary artery disease, IABP can be particularly

useful since support may only need to be temporary, as in the case of fulminant

myocarditis which typically presents with rapid catastrophic cardiovascular collapse but

often abates within days (22,23). If spontaneous recovery does not occur, IABP allows the

patient to be bridged to either mechanical assist devices and/or cardiac transplantation. In

one series, only 3 to 4 days of counterpulsation was enough to allow for recovery of

ventricular function when patients presented in this manner (23).

The prolonged use (greater than 5 days) of IABP, especially in severe refractory

heart failure without shock, is less well documented. In such cases, prolonged support

is often necessary before weaning of the device or more definitive therapy such as

transplantation or high-risk cardiac surgery is entertained. Mechanical support with

IABP may allow for the improvement in renal function, neurohormonal activation, and

Table 3 Complications of Intra-aortic Balloon Counterpulsation

Vascular obstruction (risk factors: PVD, female, percutaneous insertion)

Aortic trauma

Thrombocytopenia

Bleeding

Infection

Balloon rupture

Atheroembolic syndrome

Table 2 Contraindications to Intra-aortic Balloon Counterpulsation

Significant aortic insufficiency

Aortic dissection

Obstructive iliofemoral arterial disease

Uncontrolled sepsis

Abdominal aortic aneurysm

Aortic prosthetic graft (relative contraindication)
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nutritional status in such chronically ill patients. In an early series from 1977, Hagemeijer,

et al. reported that 14 of 25 patients with NYHA III/IV heart failure following myocardial

infarction survived for more than 3 mo after discontinuation of IABP support (duration up

to 24 days) and 12 were considered to be NYHA II (24). In 1988, Freed and coworkers

described 27 out of 733 cases that were supported for more than 20 days (range 20 to 71),

12 of whom had a history of heart failure (25). Not surprisingly, there were more

complications (vascular, infectious, bleeding) when compared to those patients with less

than 20 days of support but survival was comparable (63% for O20 days versus 57% for

!20 days). Although all with a history of heart failure eventually died within six months

of discharge, 7 of these patients were discharged to home following IABP removal without

cardiac surgery. However, in the contemporary era of mechanical assist devices, most

cases of refractory heart failure are only supported with IABP long enough to optimally

time ventricular assist device insertion as a bridge to transplantation (26–29). The duration

of support is extremely variable in such situations depending upon institutional practices

and transplant waiting times but generally averages less than two weeks, although one

notable report describes 327 days of IABP support until transplantation (30).

The effectiveness of IABP has led to numerous strategies to use arterial

counterpulsation as a permanent strategy for chronic heart failure and permanently

implanted aortic balloons are now being considered. Providing counterpulsation from

outside the aorta has also been attempted with both skeletal muscle and balloons wrapped

around the aorta that in essence squeeze the aorta to provide augmented diastolic pressure

and counterpulsation. In fact, this method of arterial counterpulsation was the original

strategy as first proposed by Kantrowicz in 1958 when he suggested wrapping the aorta in

skeletal muscle from the diaphragm (2). The primary barrier of skeletal muscle fatigue

has been overcome by the work of Acker and others by using low frequency electrical

stimulation to transform skeletal muscle into fatigue resistant fibers in their work

with cardiomyoplasty (31). The modern operation, dynamic aortomyoplasty, has been

reported by several centers with modest success. In a report from Paris and Buenos Aires

in 2002 (32), 15 patients underwent this procedure with the latissimus dorsi wrapped

around the ascending aorta and conditioned with an electrical stimulator. Twelve patients

survived to an average follow up of 18 mo and all were NYHA I–II. Cardiac index

improved from 2.0G0.3 to 2.6G0.4, the end diastolic dimension decreased from

76.5G9.9 to 71.8G9.3, and oxygen consumption improved from 12.5G3.2 to 14.7G4.3.

Australian investigators have used a balloon cuff wrapped around the ascending aorta, the

C-Pulsee, to provide similar arterial counterpulsation (33). Although limited to patients

without aortic root disease, it has the advantage of implantation without cardiopulmonary

bypass, lack of contact with the circulation and blood elements, and the ability to be turned

on and off for power source reasons without cardiovascular collapse.

Conventional percutaneous IABP has a firm role in the contemporary management

of acute cardiovascular disease due to the efforts of many investigators over the years. Its

role in the future for chronic heart failure remains to be determined but technologic

developments could pave the way for automated permanently implanted IABP support.

How such systems will compete with the ever more sophisticated mechanical ventricular

assist device technology remains to be seen.

ENHANCED EXTERNAL COUNTERPULSATION (EECP)

Almost simultaneous to the development of intra-aortic counterpulsation was the

development of an external noninvasive means of providing diastolic augmentation to
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coronary blood flow and afterload reduction for the left ventricle (34–37). However, in

contrast to IABP, EECP also provides an increase in venous return since the lower

extremity venous system is also “milked” during the external counterpulsation (Fig. 2).

This additional action of EECP provides further improvements in cardiac output by

Starling’s law (38,39) and supplements the increase in stroke volume created by the

improved diastolic coronary blood flow and reduction in vascular impedance (38,40).

Soroff and Birtwell reported increases in diastolic blood pressure by 40%–50% and

lowering of systolic blood pressure by as much as 30% with pulsed external positive

pressure (41,42) with early prototypes of EECP. Intracoronary Doppler flow wire studies

have confirmed the significant increase in coronary flow velocity by as much as 100% and

an increase in coronary blood flow by 28% assessed by the TIMI frame count with

angiography (Fig. 3) (43). Other mechanisms of action may also play a role in the

effectiveness of EECP to treat angina from ischemic heart disease. Endothelial function

appears to improve with EECP which predicts a clinical response to EECP for the relief of

angina (44,45). This change may result from increased nitric oxide release as well as

decreases in endothelin-1 (46). Stimulation of collateral blood flow through angiogenesis

may also occur since release of several growth factors (human growth factor, beta

fibroblast growth factor, vascular endothelial growth factor, monocyte chemoattractant

protein-1) occurs with EECP (47). Others have suggested that EECP provides a physical

training effect similar to exercise through decreases in peripheral resistance and heart

responses to exercise (47,48). Finally, a placebo effect cannot be discounted due to the lack

of appropriate controls in most clinical studies (Table 4).

Cardiac Effects

Afterload Coronary blood flow

Open preexixting  collaterals Shear stress

Growth factors Endothelial function

Peripheral Effect

"Passive exercise"

No ET-1

Cardiac worklaod

Oxygen consumption

Placebo Effect

Artoriogenesis
Anglogenesis

Collateralization

Perfusion

Ischemia

CLINICAL BENEFIT

Vasodilation

Peripheral conditioning

Figure 2 Potential mechanisms of benefit of EECP. The benefits of EECP include effects of

decreased afterload from arterial counterpulsation, improved diastolic coronary blood flow,

augmentation of venous return, and improvements in vascular function. However, a placebo effect or

a training effect cannot be discounted. Abbreviations: EECP, enhanced external counterpulsation.

Source: From Ref. 44.
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Currently available technology uses three sets of lower extremities cuffs that are

sequentially inflated from calf to upper thigh and buttocks in a pulsatile manner, beginning

early in diastole and delivering up to 300 mmHg of external pressure (Fig. 4). Therapy can

be titrated to provide the greatest diastolic augmentation ratio (area under systole / area

under diastole in the arterial waveform) obtained from finger plethysmography (49).

Patients typically undergo 35 one-hour daily treatments over the course of 5 to 7 wk.

Contraindications to EECP include recent cardiac catheterization, severe peripheral

vascular disease, decompensated heart failure, lower extremity deep venous thrombosis,

severe hypertension, aortic insufficiency, arrhythmias that prevent EKG gating, and

coumadin therapy (due to concerns for deep tissue bleeding). An important aspect of

EECP is that there is generally little morbidity associated with this treatment if

contraindications are honored. In the MUST-EECP study, the most common adverse

events were non-device related and the only device related adverse event more common in

the active treatment arm was skin abrasion, bruise, blister and pain of the legs and

back (50). On the basis of clinical trial evidence, the FDA approved the device for the

management of chronic angina in 1995.

Most of the clinical investigations for EECP have concentrated on the role of this

therapy in ischemic heart disease. Since the early 1980s, numerous unblinded,

uncontrolled studies and registries have suggested clinical benefits of EECP with

improvements in quality of life, time to exercise-induced ST depression, exercise

tolerance, and scintigraphic myocardial perfusion abnormalities (Table 4). However, in

the only placebo controlled randomized prospective trial of EECP, the Multicenter Study

of Enhanced External Counterpulsation (MUST-EECP), EECP was only modestly

effective (50). In this study of 139 patients with positive exercise tests and angina, sham

counterpulsation was provided by using only 75 mmHg of pressure which provided the

appearance and feel of active EECP (which used 300 mmHg) but was insufficient to

produce a change in blood pressure. Although there was a statistically significant

difference in the time to ST segment depression (42 sec vs. 4 sec, pZ0.01) and number of

anginal episodes (p!0.05) between the two treatment groups, both groups experienced

comparable increases in exercise duration and no significant differences in nitroglycerin

use (50). These findings are in contrast to the observations from the more than 5000

patients in the International EECP Registry. In a study from the registry that examined
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Figure 3 Effect of EECP on coronary pressure. With increasing EECP pressure, the diastolic

coronary pressure increases (dotted arrows) and systolic pressure decreases (solid arrows).

Abbreviation: EECP, enhanced external counterpulsation. Source: From Ref. 43.
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1097 patients with primarily NYHA III–IV angina (87.5% with previous PCI or CABG

and an average of 10.7G13.2 anginal episodes/week), 74.9% had an improved NYHA

functional class that was sustained at 2 yr following therapy and 50% had sustained

improvement in their quality of life (51).

The use of EECP for hemodynamic reasons actually dates to the earliest clinical

studies of this technology. In 1974, Soroff reported the first clinical use of such a device for

the management of cardiogenic shock following a myocardial infarction (41). In an early

randomized nonblinded experience in 258 patients with acute Killip II myocardial

infarction, EECP improved short-term survival when used within the first 24 hr of

symptoms (6.5% vs. 14.7%, p!0.05) (52). Several lines of evidence suggest that EECP

may be beneficial for chronic heart failure as well. As described previously, cardiac output

can increase by as much as 25% (53,54). Improvements in arterial compliance also predict

clinical benefit, which may favor ventricular vascular coupling and consequently

ventricular performance (55). In an uncontrolled study of 11 patients with angina, atrial

and brain natriuretic peptide levels also fell (56). Urano and colleagues reported improved

Table 4 Trials of EECP in Patients with Angina

Study Year N

Treatment

duration

(h)

Angina(%

R1 CCS

class)a
Nitrate

use

Exercise

tolerance

(%)a
Time to ST

depression

Carbine

perfusion (%)a

Zheng

et al.

1983 200 12 Y (97) N/A N/A N/A N/A

Lawson

et al.

1992 18 36 Y (100) Y [ (67) N/A [ (78)

Lawson

et al.

1996 27 35 N/A N/A [ (81) N/A [ (78)

Lawson

et al.

1996 50 35 Y (100) Y N/A N/A [ (80)

Lawson

et al.

1998 60 35 Y N/A [ N/A [ (75)

Arem

et al.

1999 139 35 Y Y [ [ N/A

Lawson

et al.

2000 33 35–36 Y (100) Y N/A N/A [ (79)

Lawson

et al.

2000 2,289 35 Y (74) N/A N/A N/A N/A

Urns

et al.

2001 12 35 N/A N/A [ [ [

Masds

et al.

2001 11 35 N/A N/A [ [ [

Stys

et al.

2001 395 35 Y (88) N/A N/A N/A N/A

Barsness

et al.

2001 978 35 Y (81) Y N/A N/A N/A

Syes

et al.

2002 175 35 Y (83) N/A [ N/A [ (83)

aWhen reported in the original article, the percentages of patients for whom the criteria applies are found in

parenthesis.

Abbreviations: CCS, Canadian Cardiovascular Society; N/A, not assessed; EECP, enhanced external

counterpulsation.

Source: From Ref. 44, 45.
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diastolic function in 12 patients with angina and normal LV systolic function with a fall in

the end diastolic pressure, a rise in the peak LV filling rate, and a drop in the time to peak

LV filling rate that correlated with a fall in BNP (57). Ejection fraction has also been

reported to improve in a modest fashion (58). Despite concerns that increases in venous

return may not be tolerated in patients with a history of heart failure, data from 746

patients in the International EECP Registry with heart failure found similar benefits in

angina relief whether the EF was greater than or less than 35% and no difference in

exacerbations of heart failure (5.4% in EF !35% vs. 3.1% in EF O35%, pZ0.12) (59).

Finally, in an open pilot study of EECP in heart failure, 26 patients with an average EF of

23% experienced improved exercise tolerance and quality of life without serious adverse

events (60). This preliminary evidence has formed the basis of the Prospective Evaluation

of EECP in Heart Failure (PEECH) trial, a controlled randomized single blind study of 187

patients with NYHA II–III heart failure and an ejection fraction of !35% (61). Endpoints

will include peak oxygen uptake, exercise duration time, quality of life, NYHA status, and

neurohormonal markers. The trial will not provide a sham counterpulsation arm due to

concerns that low levels of external pressure (i.e., 75 mmHg as used in the MUST-EECP

study) may produce increases in venous return that would not be tolerated if concomitant

afterload reduction were not provided (as is the case with conventional EECP using

300 mmHg). Blinding will be accomplished by separating the study investigators, who

will blindly assess study endpoints, from the clinical team caring for the patient.

In summary, EECP offers a noninvasive method of arterial counterpulsation that

may have a role in chronic heart failure. It is FDA approved for chronic angina and appears

to benefit those with normal and impaired ventricular function and the effects appear to be

sustained in a significant portion of patients for months to years. For those patients with

persistent symptoms of heart failure despite optimal medical management, EECP can be

Inflation initiates
retrograde pulse
wave

Inflation of lower
thigh cuffs 50ms
later

Inflation of upper
thigh cuffs 50ms
later

deflation facilitates
cardiac unloading

STEP 1 STEP 2 STEP 3 STEP 4

Figure 4 Sequential cuff inflation in EECP. Three sets of lower extremities cuffs are sequentially

inflated from calf to upper thigh and buttocks in a pulsatile manner, beginning early in diastole and

delivering up to 300 mmHg of external pressure. Therapy can be titrated to provide the greatest

diastolic augmentation ratio (area under systole/area under diastole in the arterial waveform) obtained

from finger plethysmography. Abbreviation: EECP, enhanced external counterpulsation. Source:

From Ref. 115.
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offered but definitive support for its use in heart failure will need to await the results of

trials such as PEECH.

CONTINUOUS POSITIVE AIRWAY PRESSURE (CPAP)

The use of supplemental oxygen for heart failure dates back to 1907 when Pembrey

demonstrated that nasal oxygen therapy improves Cheyne-Stokes respirations (CSR) in

heart failure (62). Since then, there has been an increasing recognition that such forms of

therapy may be treating a common condition that often accompanies heart failure, sleep

apnea. Since sleep is a time for cardiovascular rest, its disruption not surprisingly stresses

cardiovascular health (63,64). It is now evident that sleep apnea is not only common but

may also play a role in the progression of heart failure. Because obstructive sleep apnea

(OSA) has a well-accepted and effective therapy, CPAP, there is increasing interest in

targeting this aspect of heart failure.

There are two forms of sleep apnea, obstructive and central sleep apnea [CSA] (also

known as CSR). OSA is defined as reductions or cessations in airflow during sleep in

association with ongoing respiratory effort (65). OSA results from an instability of

ventilatory control during sleep as well as anatomic narrowing of the upper airway and a

loss of pharyngeal muscle tone, which may be exacerbated by soft tissue edema common in

heart failure (66). In contrast, CSR is defined as cyclic reductions or cessations in airflow

but without respiratory effort (Fig. 5) (67). Although rarely appreciated, CSR may occur

while awake although classically occurring during sleep. The pathogenesis behind CSR is

less clear but also appears in part to be due to an instability of ventilatory control that is

initiated and sustained by chronic hypocapnia and a hypersensitivity of the respiratory

control center to PaCO2 (68), both common to heart failure (63). In heart failure patients

with CSR, the awake and sleep PaCO2 (33 mmHg) is below normal due to chronic

hyperventilation (presumably due to stimulation of pulmonary vagal irritant receptors from

pulmonary congestion) and lower than those heart failure patients without CSA despite

similar ejection fractions and awake or sleep PaO2 (69,70). In fact, raising the nocturnal

PaCO2 with inhaled CO2 (69,71,72), or oxygen (73) can markedly attenuate CSR. When

sleep ensues, an oscillation in ventilation occurs as the respiratory center tries to normalize

the PaCO2 but under/overshoots the targeted PaCO2 because of hypersensitivity of the

control center to CO2 and a time delay between the central ventilatory sensors and the

peripheral ventilatory action of the lungs. This under/overshooting oscillation is then

manifest clinically as alternating apneas and hyperpneas (Fig. 6).

Both OSA and CSR likely contribute to the progression of heart failure through

chronic adrenergic stimulation from the intermittent nocturnal arousals that stem from

intermittent hypoxias and hypercapnias. In a large community based cross sectional sleep

survey of men and women, OSA conferred an independent relative risk of heart failure of

2.38 (74). Such chronic neurohormonal activation is central to the progression of heart

failure. It also likely plays a role in hypertension (75) and unrecognized OSA is not

uncommon in refractory hypertension. There may also be a hemodynamic consequence of

sleep apnea through large swings in transmural wall stress and afterload during ventilation

while asleep (76). In the context of chronic heart failure, when there is either poor lung

compliance (from “wet” congested lungs) and/or obstruction of the upper airway (as a

consequence of OSA), the inspiratory fall in pleural pressure required to ventilate the

lungs can be substantial (77) and lead to major increases in left ventricular transmural

pressure (or afterload) (78). In the morbidly obese patient, this phenomenon may be

dramatic and even explain the cardiomyopathy of obesity (79). In addition, OSA appears
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to have an independent role in exacerbating pulmonary hypertension (80–82). Finally,

CSR appears to be prevalent in patients with diastolic heart failure (83).

Sleep apnea is common in heart failure although studies vary in their definition of sleep

apnea, the population study, and the background heart failure medical therapy (Table 5). Most

patients with heart failure and sleep apnea will have both obstructive and central events. In the

largest study of sleep apnea in heart failure patients, 70% of 450 New York Heart Association

(NYHA) II–IV patients had sleep apnea (defined by an apnea-hyponea index [AHI] O10

episodes per hour): 33% with CSR and 37% with OSA (84). Although CSR is thought to be an

affliction of patients with advanced stages of heart failure (85), it appears to affect both

asymptomatic patients with left ventricular dysfunction (86) and heart failure patients with

preserved left ventricular function, ie. diastolic heart failure (87). Symptoms of sleep apnea

such as insomnia, snoring, and daytime somnolence may be present, but such symptoms are

generally insensitive to the presence of either OSA or CSR. Some have suggested screening

all heart failure patients due to the high prevalence of sleep-disordered breathing. In many

cases, only the spouse may be aware of such symptoms. Risk factors for CSR are male gender,

atrial fibrillation, age, and daytime hypocapnia; for OSA, age (women only) and obesity (men

only) (84). Sleep apnea is also important to consider when there is frequent ventricular or atrial

arrhythmias (84,88). Recent evidence suggests that CSR is an independent predictor of

prognosis as well. In a report of 62 NYHA II–III heart failure patients, the cardiovascular

mortality was significantly higher in those patients with an AHI O30 (50% vs. 26%) after a

mean follow-up of 28 mo (89). In fact, the AHI was the best predictor of mortality in the

multivariate analysis that considered demographic variables, Holter monitoring, exercise

studies, echocardiography, and autonomic testing.

Definitive diagnosis of sleep apnea is made by in-laboratory overnight

polysomnography, which involves the assessment of sleep with electroencephalogram

(EEG), submental electromyogram (EMG), electrooculogram (EOG), thermistors, nasal

pressure, electrocardiogram (EKG), anterior tibialis EMG, and pulse oximetry. The
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Figure 5 Pathogenesis of central sleep apnea. See text for explanation. Source: From Ref. 63.
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severity of sleep apnea is generally quantified by the apnea-hypopnea index (AHI), defined

as the number of cessations or reductions in breathing per hour of sleep. Most investigators

consider an AHI of greater than 10 to be clinically relevant but substantial variability

exists in the literature (90).

Table 5 Prevalence of Sleep Disordered Breathing in Heart Failure

Obstructive sleep Central sleep

Study, year No. of patients apnea apnea

Lofaso, 1994 29 1 (5%) 8 (40%)

Chan, 1997 20 7 (35%) 4 (20%)

Javaheri, 1998 81 9 (11%) 32 (40%)

Staniforth 104 0 23 (22%)

Tremel, 1999 34 7 (20%) 21 (62%)

Sin, 1999 450 168 (37%) 148 (33%)

Lanfranchi, 2003 47 5 (11%) 17 (36%)

Villa, 2003 14 0 3 (21%)

Total 779 197 (25%) 256 (33%)
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Figure 6 Cheyne–Stokes respirations in a patient with heart failure and atrial fibrillation. Central

nature of apnea is indicated by absence of ribcage (RB) and abdominal (ABD) movement. Tidal

volume [Vt (L)] waxes and wanes with dips in oxygen saturation (SaO2). Hemodynamic

effects reflected in surges in blood pressure (BP) and muscle sympathetic nerve activity (MSNA).

Source: From Ref. 63.
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OSA has a well-established therapy, CPAP, that works by splinting open the

collapsed pharyngeal airway and increasing functional residual capacity of the lung (65).

In heart failure, the elimination of OSA appears to decrease transmural wall stress by

preventing the dramatic negative intrapleural pressures that are consequence of

pharyngeal obstruction and provides a nonpharmacologic form of afterload reduction

(Fig. 7) (91). Furthermore, by preventing the hypoxias and hypercapnias, adrenergic

stimulation can be prevented (92,93). There is also evidence that CPAP for OSA may also

improve heart rate variability (94), reduce oxidative stress (95), and improve endothelial

function (96). Some have likened the effects of CPAP in heart failure to nonpharmacologic

beta blockade (64).

However, there are very few published randomized controlled studies that have

examined the effects of CPAP for OSA in human heart failure. In one small study of

24 patients with NYHA II–III heart failure and OSA, CPAP for one month titrated to an

average of 8.9G0.7 cm H20 for 6.2G0.5 hr per night decreased systolic blood pressure,

heart rate, and end systolic dimension as well as increased the ejection fraction by 9%

(25.0G2.8 to 33.8G2.4%) (97). In the only other randomized study, 54 patients were

treated with CPAP for three months (98). Forty of the 54 completed the study and the

mean EF was 35.5% with an average AHI of 28 (mild to moderate sleep apnea). Again,

ejection fraction increased (1.5G1.4% vs. 5.0G1.0%, pZ0.04) with concomitant

decreases in urinary norepinephrine excretion and improvements in quality of life.

Interestingly, the improvements in quality of life did not include improvements in

dyspnea or exercise capacity. Unfortunately, it is not likely that long-term effectiveness

(ie. O3 mo) will be confirmed in future randomized data since there are strong ethical
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Figure 7 Effects of continuous positive airway pressure (CPAP) on obstructive sleep apnea in

heart failure. CPAP prevents dips in oxygen saturation (SaO2), swings in intrapleural pressures

(Pes), and lowers blood pressure (BP) while eliminating apneas (Vt) (middle panel). Source: From

Ref. 64.
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concerns to withholding CPAP for extended periods of time for the purposes of

providing a control, “placebo” arm when CPAP is clinically indicated for the treatment

of OSA in the absence of heart failure. However, some investigators point out that it is

not clear CPAP has benefits in patients with OSA (without heart failure) in the absence

of symptoms such as daytime somnolence (99).

CSR has no universally accepted form of therapy and there is still debate as to

whether it needs treatment as all (63). The first strategy, however, is the optimization of

medical management for heart failure, which should include establishment of euvolemia

(100), RAS antagonists (101), and beta-blockers. In one small study, the ACE inhibitor,

captopril, decreased apneic and desaturation episodes by 50% (101). However, care should

be taken to avoid overdiuresis and contraction metabolic alkalosis that may exacerbate

CSR (102). Maximal medical therapy should also include biventricular pacing in the

appropriate patients since ventricular resynchronization alone may improve sleep

disordered breathing (103). In a study of 24 patients with heart failure and left bundle

branch block, cardiac resynchronization therapy decreased the AHI from19.2G10.3 to

4.6G4.4 (p!0.001) and improved sleepiness in those with CSR. Theophylline (104) and

nasal oxygen have also been tried with modest success in small studies. Oxygen, in

particular, may improve CSR by increasing the difference between the baseline pCO2 and

the pCO2 at the apneic threshold, decreasing the sympathetic stimulation of hypoxemias,

and improving total body oxygen content (105). Limited studies have demonstrated that

supplemental nasal oxygen in patients with heart failure improves sleep architecture,

decreases CSR, decreases sympathetic activity, and improves exercise capacity (105).

Again, longterm studies are lacking.

Similar to OSA, there are few randomized trials of CPAP for the treatment of CSR

but there are plausible reasons to expect that CPAP would provide benefit. In an analogous

manner to OSA, CPAP lowers transmural wall stress (91), decreases hypoxias and

adrenergic stimulation (106), improves cardiac output (107), prevents venous return (108),

and reduces arrhythmias (109). In 66 patients with heart failure (EF 20.2%, NHYA III/IV

38%), CPAP improved ejection fraction and decreased the risk of death and/or need for

cardiac transplantation in those with CSR (110). In a larger recent randomized trial of

CPAP for CSR in heart failure, the Canadian Continuous Positive Airway Pressure

(CPAP) Trial for Congestive Heart Failure patients with CSA [CANPAP] (111), CSR was

decreased (AHI decreased by 50%) and ejection fraction (LVEF 2.5%) and exercise

capacity (six-minute walk, 20 meters) were improved. However, the trial, which studied

NYHA II–IV heart failure patients with an EF !40%, was stopped due to the low event

rate for the primary endpoint of all cause mortality and cardiac transplantation (112).

Other substudy endpoints, such as effects of CPAP on cardiac arrhythmias, natriuretic

peptides, and catecholamines, have yet to be reported. Final publication of this important

trial is still pending but other studies are underway to test the hypothesis that CPAP can

improve outcomes in heart failure.

It is important to note that many patients are unable to tolerate CPAP despite focused

efforts to improve comfort and compliance. Many such patients therefore go untreated and

consequently may suffer the sequelae of OSA. CPAP habituation clinics, knowledgeable

respiratory therapists, patient education (113), and improved technologies to deliver CPAP

(114) may all help to improve long-term compliance. Other strategies to treat OSA have

included mandibular advancement devices, uvulopalatopharyngoplasty, and gastric

reduction surgery but they have not been tested in heart failure populations.

Until more randomized clinical trial data is available, it is reasonable to screen for

OSA when symptoms of sleep apnea (daytime somnolence, snoring, early morning

headaches, late day fatigue) are present since treatment has proven effective in randomized
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studies of patients without heart failure. In heart failure patients without symptoms directly

referable to sleep apnea syndromes, sleep studies and treatment could be considered when

symptoms of heart failure persist despite optimal medical management. Special

consideration to sleep apnea should also be entertained when difficult to control angina,

arrhythmias, and hypertension complicate heart failure.
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PART IV: SURGICAL THERAPY
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Revascularization
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INTRODUCTION AND EPIDEMIOLOGY OF ADVANCED ISCHEMIC
HEART DISEASE

Congestive heart failure afflicts 2.3% of the U.S. population: 4.9 million people have the

condition and 550,000 new cases are added every year. Its estimated cost for 2005 is 27.9

billion US dollars (1). Congestive heart failure has multiple etiologies but ischemic

cardiomyopathy from coronary artery disease accounts for 75% of the patients. Twenty to

twenty-five percent of heart failure patients have Class III or IV symptoms and 5%–10%

have refractory symptoms. While over 80,000 patients have end stage heart disease, only

2000 transplants were performed in 1999 (2). Patients with advanced ischemic heart disease

and heart failure may not be ideal candidates for heart transplantation since they are usually

over 65 yr of age and have multiple co-morbidities that may exclude them. It becomes

essential therefore to find other treatment modalities for advanced ischemic heart disease.

Surgical revascularization is one of various options available to patients with advanced

coronary artery disease. Surgical revascularization is a well-studied and recommended

option for coronary disease but its role in patients with advanced heart disease is less

well defined.

THE CONCEPTS OF NORMAL MYOCARDIUM, STUNNED
HIBERNATING MYOCARDIUM, AND SCAR

Normal myocardium is cardiac muscle that is well perfused both at rest and exercise with

normal metabolism and capable of generating the required contractile force. Myocardial

stunning is defined as persistent cardiac dysfunction despite restoration of normal blood

flow following a short period of ischemia (3). It is often seen in patients with acute

coronary syndromes after reperfusion with thrombolysis or percutaneous coronary

intervention (PCI). Normal contractile function returns in weeks to months. The

contractile function of stunned myocardium can be restored by inotropes or an increase

in extracellular sodium suggesting that the abnormality is unrelated to contractile proteins.

Hibernating myocardium, on the other hand, describes a state of persistently impaired
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myocardial and left ventricular (LV) function at rest, due to chronically reduced coronary

blood flow that can be partially or completely restored to normal if the myocardial oxygen

supply demand relationship is favorably altered by improving blood flow or reducing

oxygen demand (4). It is exquisitely regulated tissue successfully adapting its activity to

the prevailing circumstances in a process of controlled active down-regulation (5). If the

supply demand ratio is once again altered unfavorably, then infarction and necrosis occurs

in this tissue. In contrast to myocardial stunning, hibernating myocardium is initially

functional before proceeding to the structural phase that can be associated with a myriad of

microscopic alterations in the contractile proteins, including loss of myofibrils,

disorganization of the cytoskeleton and degeneration of the sarcoplasmic reticulum (6).

This is probably related to changes in coronary microcirculation that could slowly

improve, months after successful revascularization. Improvement is likely to be maximal

and faster if intervention occurs before advanced structural changes have set in. Acute

coronary occlusion without reperfusion or revascularization results in irreversible cell

necrosis and myocardial infarction that eventually leads to a non-contractile fibrous scar in

the ventricle.

CORONARY DISEASE, LEFT VENTRICULAR
DYSFUNCTION, AND SURVIVAL

As described above, coronary artery disease can cause abnormalities in the contractile

function of the heart related to different pathophysiological mechanisms. Stunning,

hibernation and scar all produce impaired contraction of the cardiac muscle fibers that will

result in impaired ventricular function and eventually the clinical syndrome of heart failure.

There remains a complex interplay between these various components of myocardial

dysfunction in patients with advanced ischemic heart disease. When the dyskinetic portion

is more than 10% of the myocardial mass, ventricular remodeling begins and symptomatic

heart failure will set in. It has been shown that when a myocardial infarction involves greater

than 23% of the (LV) circumference, the ejection fraction (EF) drops below 45% resulting in

a 3-yr mortality of 40%. Less extensive myocardial damage results in a 3-yr mortality of

about 5% (7). This however did not depict the true risk in patients with hiber-

nating myocardium. The 3-year mortality for patients with an EF !43% and no viable

myocardium was 63%. That contrasts to a 13% mortality for similar patients with viable

myocardium. This underlines the importance of ascertaining viability and early intervention

in these patients to prevent irreversible changes and improve survival.

INVESTIGATIONAL MODALITIES

Electrocardiography (EKG)

While EKG remains a key test in the diagnosis of acute and chronic coronary syndromes,

the findings may be variable and may not accurately identify the magnitude of the

problem, and indeed, occasionally in a subset of patients with chronic coronary artery

disease, it may even be normal. The EKG abnormalities can vary according to the

duration, extent and location of the disease in addition to being affected by a multitude of

other underlying abnormalities.
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Exercise Stress Testing

This diagnostic modality is especially useful in patients with chest pain syndromes who

have a moderate probability of coronary disease and a normal resting EKG. It has the

greatest predictive value (90%) if typical chest discomfort occurs during exercise along

with horizontal or downward sloping ST segment depression of 1 mm or more.

TESTS TO DETERMINE MYOCARDIAL VIABILITY

Myocardial viability means recoverable (with improvement of blood flow) myocardial

tissue. This is of paramount significance to the current topic of discussion as it can affect

outcomes. Nuclear cardiology techniques, stress echocardiography and cardiac magnetic

resonance imaging (MRI) are some tests that can be used for this purpose.

Positron Emission Tomography (PET)

This may be the gold standard for determination of myocardial viability but availability of

this technique has limited its use. The two components to this study involve determination

of blood flow and viability of the muscle. The hypoperfused myocytes are metabolically

more active and rely preferentially on glucose metabolism for energy. Hence the uptake of
18F-deoxy glucose (FDG) by myocytes will mean viability (8). Normal myocardium has

normal perfusion and metabolism while scar has decreased perfusion and metabolism.

Hibernating myocardium will have decreased perfusion but normal metabolism. Studies

have shown PET to be a good predictor for improvement in wall motion after

revascularization (9).

Technetium Scintigraphy

This utilizes the technetium-based tracers 99mTc-sestamibi or 99mTc-tetrofosmin to assess

myocardial viability. The distribution of these tracers is determined by perfusion and

viability. Their widespread availability have made this a popular test for assessment of

myocardial viability although its sensitivity and specificity are slightly lower than that

of the PET scan at 81% and 60% respectively compared to the 90% and 70% of the FDG-

PET (10).

Thallium Scintigraphy

This utilizes Thallium-201 as a tracer. Its patterns of distribution and redistribution help

identify myocardial viability. Viable myocardium is an area of reduced uptake of the tracer

at rest that fills in on the redistribution scan. Various inadequacies in this technique related

to the redistribution phase, its inability to always differentiate between scar and

hibernating myocardium and the need for reinjection and occasionally exercise make this a

less desirable study especially when compared to the FDG-PET. It has been reported to

have a sensitivity of 85% and specificity of 47% (8).

Dobutamine Stress Echocardiography

This test is based on the concept that stunned and hibernating myocardium are able to

demonstrate an augmented contractile response when exposed to beta-adrenergic
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inotropes stimulation while scar tissue does not. This study involves the use of low dose

dobutamine (!5 mcg/kg/min) and hypocontractile but viable myocardium is stimulated

to contract but not at an inappropriately high level of oxygen demand. The sensitivity and

specificity for this test are about 70% and 90% respectively indicating that it is less

sensitive but more specific than the tests discussed above (11). The attractiveness of this

investigation is its low cost and widespread availability. The issues revolving around poor

acoustic windows due to obesity and lung disease could be resolved with the development

of transesophageal dobutamine stress echocardiography.

Cardiac MRI

Cardiac MRI is a rapidly emerging non-invasive tool especially in the diagnosis and

surgical management of heart disease. Myocardial blood flow is measured by quantifying

the gadolinium-based contrast. Delayed hyperenhancement with gadolinium identifies

areas of myocardial scar. The more transmural the hyperenhancement, the less likely it is

to recover with revascularization. Areas of transmural hyperenhancement could

be identified as potential areas of resection for surgical restoration of a remodeled

ventricle (12). One study showed that 78% of non-hyperenhancing dysfunctional segments

improved after revascularization (13). Cardiac MRI is gradually becoming a good tool to

assess myocardial viability but constraints remain. Most important of these are the high

cost, the problem of patients with pacemakers and defibrillators, and those who develop

claustrophobic symptoms.

Cardiac Catheterization, Coronary Angiography,
and Intravascular Ultrasound

All patients with coronary artery disease will need coronary angiography to determine the

exact location of the coronary occlusions. Among patients with chronic stable angina who

undergo angiography, 75% will have some from of critical one, two or three vessel

coronary artery disease, while 5%–10% will have left main disease and 15% will have

non-critical disease. The coronary angiogram serves as a tool that not only identifies

lesions but also identifies potential locations for bypass grafting on the distal vessel. There

are particular details that portend a hazard for the surgeon attempting to revascularize a

patient. Diffusely calcified coronary ateries disease with multiple blocks along the entire

length of the vessel could make bypass potentially difficult and suggest the need for an

endarterectomy. The revascularization of such a vessel can be deemed as less than

adequate and it is known that endarterectomized vessels do not have as good a long-term

patency as conventional bypass (14). When diffusely calcified, coronary arteries may truly

be unsuitable for bypass grafting. Calcification of the ascending aorta may be present in

these cases that could dictate the conduct of the operation. Chronic total occlusions with

no collateral refill of the distal vessel may suggest complete fibrotic occlusion of the vessel

and therefore its unsuitability for bypass. Sometimes these patients would have had

multiple angiograms in the past with or without percutaneous interventions and these may

reveal the vessel that is now not seen. If the myocardium in this region is viable,

experience suggests that a patent vessel may be found at surgery. Newer diagnostic

modalities like the multidetector helical CT scans could help ascertain whether these

totally occluded vessels are distally patent. Indeed, these advanced computed tomograms

may eventually replace the invasive coronary arteriography completely.

Cardiac catheterization, although not always performed with coronary arterio-

graphy, is an important adjunct, especially in patients with advanced heart disease.
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Important information gleaned from this test are the degree and chronicity of LV

dysfunction as evidenced by the development of pulmonary hypertension and right

ventricular failure. An assessment of the reversibility of the pulmonary hypertension could

also be made. Patients with severe fixed pulmonary hypertension may fare poorly after

surgical revascularization (15). Various valve gradients and valve orifice areas could be

measured as these are often underestimated with non-invasive testing in patients with

severe ventricular dysfunction.

Intravascular ultrasound is an infrequently used but valuable tool during coronary

arteriography that can be used to assess cross-sectional dimensions and coronary artery

structure and pathology especially when angiography provides equivocal findings like

occult left main disease or ostial coronary lesion.

SELECTION OF PATIENTS FOR SURGICAL REVASCULARIZATION

Only 10% of patients on the waiting list will be transplanted. Recent studies indicate that

50% of patients with advanced ischemic heart disease and (LV) dysfunction will have

hibernating myocardium (16). High-risk coronary artery bypass surgery (CABG) should

be considered in all patients who have severe coronary artery disease and viable

myocardium. All patients with known coronary artery disease and LV dysfunction should

have tests for myocardial viability performed even if their predominant symptom is

shortness of breath and they have mild or no angina. Segmental and global ventricular

function is likely to improve after revascularization if viability studies demonstrate

significant viable myocardium. In ischemic patients with heart failure and little or no

angina, the presence of O25% viability and good target vessels indicated potential benefit

from surgical revascularization (17).

Despite their potential candidacy for CABG from the standpoint of target vessels

and a viable myocardium, a thorough assessment of the patient as a whole must be

performed in order to ascertain operability. Patients with such severe coronary disease and

LV dysfunction usually have other co-morbid conditions as well. They could have

sequelae of severe peripheral vascular disease with carotid, mesenteric and other axial

arterial involvement, sequelae of diabetes with renal impairment, sequelae of long-term

smoking with severe chronic obstructive airway disease, previous cerebrovascular

accidents and hepatic dysfunction. All these conditions in various combinations could

make the overall mortality risk higher and in some cases prohibitive. Although, no

recommendation is made to avoid surgery in these patients, only accurate analysis will

allow better informed consent for an already high-risk operation. In addition, evaluation of

the cardiorespiratory system for other sequelae of LV dysfunction such as pulmonary

hypertension and right ventricular failure could determine the overall ability of the heart to

tolerate this extensive procedure. Most of these patients usually need multiple additional

procedures as well, the commonest being mitral valve reconstruction and/or

LV restoration.

PRINCIPLES OF SURGICAL REVASCULARIZATION

It must be realized that the outcome of surgical revascularization in patients with advanced

ischemic heart disease and heart failure is not determined by the number of bypass

grafts performed but by targeted perfusion of hibernating but viable myocardium. It is not

useful in revascularising vessels that supply non-viable myocardium. Although Westaby
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summarized the ethos for surgery in this high-risk population as simplicity, safety and

speed (2), this should not be interpreted as minimalistic approach. One should perform all

components to the operation identified as necessary during the preoperative evaluation. The

patient that obviously needs an anterior wall reconstruction for a dyskinetic scar and mitral

valve reconstruction is not going to get significant benefit from CABG alone in the

effort to keep the operation simple. On the other hand, preoperative evaluation in these

difficult patients should be complete and all interventions required should be identified

and completed at surgery. This is the essence of a simple, safe and effective operation.

A surgical procedure in these patients should never be a “fishing expedition” where new

things are discovered and managed as the operation goes along. This is usually associated

with poor outcomes.

TECHNICAL CONSIDERATIONS

Conduits for Surgical Revascularization, Grafting
Techniques and Endarterectomy

A variety of conduits are available for CABG and they all have their potential advantages

and disadvantages. Broadly, they can be divided into:

1. Venous conduits

2. Arterial conduits

3. Prosthetic conduits

Venous conduits have been used for CABG for many years. The commonly used

venous conduit is the greater saphenous vein that was historically harvested through a

linear incision along the medial side of the thigh but lately the development of endoscopic

vein harvest techniques have helped minimize the potential leg complications of the open

harvest techniques (18). The other venous conduits available are lesser saphenous,

cephalic or basilic veins. Cryopreserved homograft veins may also be used as a last resort.

Of the various venous conduits, the greater saphenous vein remains the conduit of choice

with patency rates the best among the venous conduits. However concern still remains, as

it is well known that 50% of vein grafts are occluded at 10 yr and 20%–40% have

substantial stenosis in them (19). The patency rates of the other venous conduits are even

lower with the worst patency rates of the cryopreserved homograft veins.

The left internal mammary arterial (LIMA) conduit had a significant impact on

CABG surgery. Although it was the first conduit used for revascularization of the

ventricular myocardium by Vineberg and later by Kolessov, its wide spread use occurred

much later. The LIMA graft is usually placed on the left anterior descending artery (LAD)

and it seems to have excellent long-term patency rates approaching 83% at 10 years. It also

appears to be immune to the development of neointimal hyperplasia and has preserved

endothelial function (20,21). The radial artery used as a free graft and the right internal

mammary artery used as a free or in-situ graft come in as the second choice arterial

conduits. The radial artery initially fell out of favor due to reports of spasm and high early

occlusion rates. However, recent data suggest that it may have better long-term patency

rates when compared to the venous grafts with minimal handling and judicious use of

calcium-channel blockade (22). The radial artery is harvested through a linear incision in

the non-dominant forearm with a balanced circulation in the hand demonstrated by a

preoperative and/or intraoperative Allen’s test. Endoscopic radial arterial harvest is now

possible. The right internal mammary arterial graft when used as a free or in-situ (23) graft

has lower patency rates than the LIMA graft but higher than venous conduits. Their
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widespread use has been restricted due to the higher incidence of postoperative wound and

respiratory complications with bilateral mammary arterial harvest and increased operative

times and dissection involved. Other infrequently used conduits are the gastroepiploic,

inferior epigastric and inferior mesenteric arteries.

The other prosthetic conduits available for last resort use are the bovine IMA,

Dacron and PTFE grafts that have poor intermediate term patency rates (19).

The various options for grafting include direct end (of conduit) to side (of coronary

artery) technique or sequential bypass technique where multiple side to side bypasses are

performed using a single conduit. The direct bypass technique is the time-honored method

but each conduit will have to be separately anastomosed to the aorta or other vessel

(innominate, subclavian or mammary arteries) for inflow. This may be a limiting factor in

patients with short or diseased aortas and in reoperations. The sequential anastomosis is a

solution to this issue where a single inflow could serve multiple distal anastomoses. The

proponents of the sequential technique claim that this involves less manipulation of the

ascending aorta with consequently lesser incidence of embolic events and increased graft

patency rates related to increased velocity of blood flow from the supply of a larger

vascular bed (24). The detractors question the wisdom of supplying a large portion of the

myocardium from a single inflow.

Endarterectomy of the coronary arteries is now becoming reasonably commonplace

in modern day CABG with diffuse coronary artery disease. This involves the coring out of

the subintimal lipid deposit along the entire length of the involved coronary artery

followed by bypass grafting. This exposes the media and consequently an increased risk of

early graft closure. Endarterectomies are associated with increased complication rates like

myocardial infarction and cardiac dysfunction. The key principles of endarterectomy are

entire removal of the atheromatous plaque from the vessel especially in the distal segment,

washout of debris from the coronary circuit with retrograde cardioplegia and aggressive

long-term multi-drug anti-platelet therapy (25).

On-Pump, Off-Pump, and Other Options

Various options exist for CABG. These include the traditional on-pump CABG, the newer

off-pump CABG and the most recent minimally invasive direct coronary artery bypass

(MIDCAB) or the port access CABG or the totally endoscopic CABG (TECAB) among

others. For purposes of this discussion, we will focus on the first two most commonly

used techniques.

On-Pump CABG: The Management of Cardiopulmonary Bypass (CPB)

and Myocardial Protection

The performance of coronary bypass grafting on an arrested heart with the use of CPB is

the oldest and time-honored technique. The use of CPB involves the placement of

cannulae in the ascending aorta and the right atrium. The oxygenation is achieved with the

use of a membrane oxygenator and the blood is then pumped back using roller head pumps

providing a continuous flow. This interface of blood with artificial surfaces and the change

of pulsatile to continuous flow cause a systemic inflammatory response. The placement

of a cannula in the ascending aorta and the performance of proximal anastomoses have

been documented to increase cerebral atheroembolic events (26). However, with recent

advances in imaging techniques with the epiaortic ultrasound and the development of the

single clamp technique as well as proximal anastomotic devices, the incidence of

atheroembolic complications have been markedly reduced (27–29). Recent studies
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indicate that on-pump techniques for CABG may provide a higher three-year survival and

higher freedom from death or revascularization (30). While historically cardiac surgery on

bypass was performed with moderate to deep hypothermia, currents trends are the use of

mild hypothermia or tepid CPB with little or no adverse effects (31).

Although the safe institution of CPB is one aspect of on-pump CABG, the other

more important aspect is one of myocardial protection. In order to perform the bypass in a

still and bloodless field, the heart needs to be arrested and flaccid. This involves the

placement of a clamp on the ascending aorta between the coronaries and the systemic

circulation (proximal to the innominate artery) and selective perfusion of the coronary

arteries with cardioplegia. Although numerous cardioplegia solutions have been

developed, the corner stone remains the delivery of high dose potassium to the heart to

achieve diastolic arrest. Crystalloid cardioplegia was in vogue during the early days of

development of cardiac surgery but it has now been completely replaced by blood

cardioplegia as blood is a more physiologic carrier medium with excellent buffering

properties (32). Although the oxygen demand of the flaccid myocardium is extremely

small, it is still quite important as these are metabolically active cells that need to be

replenished from time to time. Cardioplegia has traditionally been delivered antegrade

through the aortic root into the coronary arteries. In patients with coronary occlusions, this

could lead to malperfusion of myocardium that is perfused by a coronary artery with high-

grade stenosis. Retrograde cardioplegia was developed to overcome this disadvantage. A

flexible catheter is inserted into the coronary sinus and blood cardioplegia is delivered at

lower pressure into the coronary venous system. This venous system being valve-free will

allow retrograde perfusion of the capillary bed and more uniform distribution of the

cardioplegia. However, concern still exists about the protection of the right ventricle

afforded by the retrograde cardioplegia (33). The current practice seems to favor the

delivery of both antegrade and retrograde cardioplegia in all patients with dysfunctional

ventricles. Although cold blood cardioplegia is still the norm, various surgeons have

moved to warm blood cardioplegia. While the dose and frequency still remains a matter of

personal choice, one could safely say that in an average adult person, the delivery of

1000cc of cold blood cardioplegia initially followed by 500cc through either route every

20–30 min affords adequate myocardial protection. Warm blood cardioplegia may require

more frequent delivery (every 10 min) or continuous infusion (34). Various other

combinations like terminal warm blood cardioplegia (“hot-shot”) and substrate-enriched

cardioplegia have been tried with benefit but have not achieved wide application due to the

potential complexities. Topical cooling with cold saline or slush, once used quite

frequently, has less application due to improved cardioplegia techniques as well as

possible complications like phrenic nerve palsy (35).

Various studies have documented good results with on-pump CABG performed on

patients with LV dysfunction with the operative mortality rates around 3–4% and a O80%

3-year survival rate (36–38).

Off-Pump CABG

This concept was developed to avoid the potential disadvantages of the systemic

inflammatory response syndrome generated by the use of CPB and the atheroembolic

complications of aortic cross clamping. Furthermore, creation of more global ischemia

could potentially worsen the already poorly functioning ventricle.

This procedure has technical considerations of its own like the necessity to elevate,

tilt, retract and compress the heart to facilitate coronary anastomosis. There is also the

need to temporarily occlude the vessel to perform the bypass itself. Although various
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exposure and stabilizing devices have been developed to ensure minimal hemodynamic

instability during these maneuvers, the dysfunctional ventricle does not always tolerate

this well. It is still uncertain whether the group of patients with ischemic cardiomyopathy

are better served by on or off pump CABG. While off-pump CABG is feasible, studies

have not consistently demonstrated any statistically significant lower mortality rates

(39–41). Off-pump CABG has been shown to have reduced transfusion requirements and

lower cardiac enzyme leak but they may be associated with less complete

revascularization than the on-pump group (42).

In summary, it would be prudent to say that the recommended operation for patients

with advanced ischemic heart disease and LV dysfunction is an on-pump CABG with

LIMA to the LAD and saphenous vein graft to the other coronaries. Individual practices

and unique patient situations can always dictate alternate courses of action.

Reoperations

It is not uncommon to find patients with ischemic cardiomyopathy who have had previous

cardiac surgery. More often than not, they have had previous CABG. This could be due to

progression of disease in the native circulation and/or development of graft disease. A

thorough preoperative evaluation is paramount. It is important to identify areas of viable

myocardium and the ability to revascularize these areas. Identification of patent, patent but

diseased and occluded grafts along with diseased or occluded native coronaries with or

without collaterals will help guide the course of the reoperations. While the presence of

graftable vessels in the areas of viable myocardium would suggest good response from

CABG, areas of viable myocardium without bypassable arteries would be suitable for

other revascularization strategies like transmyocardial laser. The reooperative approach to

CABG in ischemic cardiomyopathy is similar to the first time approach. The

recommended choice would still be on-pump CABG with LIMA and saphenous vein

grafting. Issues with conduit availability due to previous usage or other disease states

could lead to alternate conduit use and the presence of mediastinal adhesions or

graft/cardiac chamber proximity to the posterior sternal table may dictate alternate CPB

strategies. The technical complexities of reoperation CABG, in addition to the above,

revolve around dissection of diseased grafts, prevention of coronary atheroembolic with

consequent myocardial damage and location of the coronaries identified for bypass.

Reoperative CABG remains a high-risk operation.

CABG, PCI, OR MEDICAL MANAGEMENT IN
ISCHEMIC CARDIOMYOPATHY

The AWESOME trial indicated that the inpatient mortality was higher at 4% for CABG

compared to 1% for PCI. However the gap starts to narrow with 30 day mortality being 5%

and 3% respectively and the 3 yr survival being 79% and 80% respectively. However, the

PCI group had less freedom from angina in this study (43).

A study by Toda et al. (44) showed that CABG achieved more complete

revascularization, had improved cardiac event free survival at 3 yr (52% vs. 25%) and

improvement in EF. There was no survival advantage noticed at 3 yr.

Caines et al. (45), in their analysis, concluded that there is a survival advantage with

CABG over PCI or medical management. CABG offers more complete revascularization,

freedom from angina at the cost of increased periprocedural morbidity and mortality.

PCI is associated with increased rates of target vessel revascularization and is more
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cost-effective in the short-term but not in the long-term due to the need for multiple

re-interventions.

The CASS study (46) clearly demonstrated a survival advantage for all patients

especially those with ventricular dysfunction and severe three-vessel disease with CABG

when compared to medial therapy (79% vs. 61% at 10 yr).

THE BENEFITS OF CABG IN LV DYSFUNCTION—WHO AND WHEN

Clearly the patients that will derive the greatest benefit from surgical revascularization are

those that have discrete lesions in relatively good caliber coronary arteries and a large

amount of dysfunctional yet viable hibernating myocardium. The benefits are certain

irrespective of the methods and conduits used. Issues such as diffuse or calcific coronary

disease will influence outcomes despite the presence of viable myocardium due to the need

for more complex surgical interventions as will reoperations and major co-morbid states.

Patients with large amounts of scar and little or no viable myocardium will gain little

or no benefit from CABG. These patients will be better served by assist devices

and/or transplantation.

While some patients may see benefit from revascularization within days of the

procedure, most patients will take weeks or months to receive obvious benefit. This is the

time taken by the hibernating myocardium to recover and redevelop cellular integrity with

restored perfusion. Debates continue about the best procedure available—PCI with drug

eluting stents or CABG. It is clear that medical therapy has little or no role. Most studies to

date have favored CABG over PCI.

REFERENCES

1. http://www.americanheart.org/downloadable/heart/1105390918119HDSStats2005Update.pdf.

Accessed 06/14/2005.

2. Westaby S. Coronary revascularization in ischemic cardiomyopathy. Surg Clin N Am 2004;

84:179–199.

3. Bonow RO. The hibernating myocardium: implications for management of congestive heart

failure. Am J Cardiol 1995; 75:17A–25A.

4. Rahimtoola SH. The hibernating myocardium. Am Heart J 1989; 117:211–221.

5. Hearse DJ, Bolli R. Reperfusion induced injury: manifestations, mechanisms, and clinical

relevance. Cardiovasc Res 1992; 26:101–108.

6. Schwarz ER, Schaper J, vom Dahl J, et al. Myocyte degeneration and cell death in hibernating

human myocardium. J Am Coll Cardiol 1996; 27:1577–1585.

7. Yoshida K, Gould KL. Quantitative relation of myocardial infarct size and myocardial viability

by positron emission tomography to left ventricular ejection fraction and 3-year mortality with

and without revascularization. J Am Coll Cardiol 1993; 22:984–997.

8. Bax JJ, Wijns W, Cornel JH, Visser FC, Boersma E, Fioretti PM. Accuracy of currently

available techniques for prediction of functional recovery after revascularization in patients

with left ventricular dysfunction due to chronic coronary artery disease: comparison of pooled

data. J Am Coll Cardiol 1997; 30:1451–1460.

9. Di Carli MF, Hachamovitch R, Berman DS. The art and science of predicting post

revascularization improvement in left ventricular (LV) function in patients with severely

depressed LV function. J Am Coll Cardiol 2002; 40:1744–1747.

Shekar and Couper354

http://www.americanheart.org/downloadable/heart/1105390918119HDSStats2005Update.pdf


10. Khabbaz KR, DeNofrio D, Kazimi M, Carpino PA. Revascularization options for ischemic

cardiomyopathy: on-pump and off-pump coronary artery bypass surgery. Cardiology 2004;

101:29–36.

11. Cheitlin MD, Armstrong WF, Aurigemma GP, et al. ACC; AHA; ASE. ACC/AHA/ASE 2003

Guideline update for the clinical application of echocardiography: summary article. A report of

the American college of cardiology/American heart association task force on practice

guidelines (ACC/AHA/ASE committee to update the 1997 guidelines for the clinical

application of echocardiography). J Am Soc Echocardiogr 2003; 16:1091–1110.

12. Dor V, Sabatier M, Montiglio F, Civaia F, Donato MD. Endoventricular patch reconstruction of

ischemic failing ventricle. A single center with 20 years experience. Advantages of magnetic

resonance imaging assessment. Heart Fail Rev 2005; 9:269–286.

13. Kim RJ, Wu E, Rafael A, et al. The use of contrast-enhanced magnetic resonance imaging to

identify reversible myocardial dysfunction. N Engl J Med 2000; 343:1445–1453.

14. Abrahamov D, Tamaris M, Guru V, et al. Clinical results of endarterectomy of the right and left

anterior descending coronary arteries. J Card Surg 1999; 14:16–25.

15. Mitropoulos FA, Elefteriades JA. Myocardial revascularization as a therapeutic strategy in the

patient with advanced ventricular dysfunction. Heart Fail Rev 2001; 6:163–175.

16. Tjan TD, Kondruweit M, Scheld HH, et al. The bad ventricle—revascularization versus

transplantation. Thorac Cardiovasc Surg 2000; 48:9–14.

17. Mickleborough LL, Maruyama H, Takagi Y, Mohamed S, Sun Z, Ebisuzaki L. Results of

revascularization in patients with severe left ventricular dysfunction. Circulation 1995;

92:II73–II79.

18. Kiaii B, Moon BC, Massel D, et al. A prospective randomized trial of endoscopic versus

conventional harvesting of the saphenous vein in coronary artery bypass surgery. J Thorac

Cardiovasc Surg 2002; 123:204–212.

19. Eagle KA, Guyton RA, Davidoff R, et al. ACC/AHA Guidelines for coronary artery bypass

graft surgery: a report of the American College of Cardiology/American Heart Association

Task Force on Practice Guidelines (Committee to revise the 1991 Guidelines for coronary

artery bypass graft surgery). American College of Cardiology/American Heart Association.

J Am Coll Cardiol 1999; 34:1262–1347.

20. Loop FD. Internal-thoracic-artery grafts. Biologically better coronary arteries. N Engl J Med

1996; 334:263–265.

21. Amoroso G, Tio RA, Mariani MA, et al. Functional integrity and aging of the left internal

thoracic artery after coronary artery bypass surgery. J Thorac Cardiovasc Surg 2000;

120:313–318.

22. Tatoulis J, Royse AG, Buxton BF, et al. The radial artery in coronary surgery: a 5-year

experience—clinical and angiographic results. Ann Thorac Surg 2002; 73:143–148.

23. Shah PJ, Bui K, Blackmore S, et al. Has the in situ right internal thoracic artery been

overlooked? An angiographic study of the radial artery, internal thoracic arteries and saphenous

vein graft patencies in symptomatic patients Eur J Cardiothorac Surg 2005; 27:870–875.

24. Christenson JT, Simonet F, Schmuziger M. Sequential vein bypass grafting: tactics and long-

term results. Cardiovasc Surg 1998; 6:389–397.

25. Byrne JG, Karavas AN, Gudbjartson T, et al. Left anterior descending coronary

endarterectomy: early and late results in 196 consecutive patients. Ann Thorac Surg 2004;

78:867–873 discussion 873–4.

26. Kapetanakis EI, Stamou SC, Dullum MK, et al. The impact of aortic manipulation on

neurologic outcomes after coronary artery bypass surgery: a risk-adjusted study. Ann Thorac

Surg 2004; 78:1564–1571.

27. Hogue CW, Jr, Sundt TM, 3rd, Goldberg M, Barner H, Davila-Roman VG. Neurological

complications of cardiac surgery: the need for new paradigms in prevention and treatment.

Semin Thorac Cardiovasc Surg 1999; 11:105–115.

28. Aranki SF, Sullivan TE, Cohn LH. The effect of the single aortic cross-clamp technique on

cardiac and cerebral complications during coronary bypass surgery. J Card Surg 1995;

10:498–502.

Revascularization 355



29. Akpinar B, Guden M, Sagbas E, Sanisoglu I, Ergenoglu MU, Turkoglu C. Clinical experience

with the Novare Enclose II manual proximal anastomotic device during off-pump coronary

artery surgery. Eur J Cardiothorac Surg 2005; 27:1070–1073.

30. Racz MJ, Hannan EL, Isom OW, et al. A comparison of short- and long-term outcomes after

off-pump and on-pump coronary artery bypass graft surgery with sternotomy. J Am Coll

Cardiol. 2004 February 18;43:557–564.

31. Ohata T, Sawa Y, Kadoba K, Masai T, Ichikawa H, Matsuda H. Effect of cardiopulmonary

bypass under tepid temperature on inflammatory reactions. Ann Thorac Surg 1997;

64:124–128.

32. Cohen G, Borger MA, Weisel RD, Rao V. Intraoperative myocardial protection: current trends

and future perspectives. Ann Thorac Surg 1999; 68:1995–2001.

33. Allen BS, Winkelmann JW, Hanafy H, et al. Retrograde cardioplegia does not adequately

perfuse the right ventricle. J Thorac Cardiovasc Surg 1995; 109:1116–1126.

34. Isomura T, Hisatomi K, Sato T, Hayashida N, Ohishi K. Interrupted warm blood cardioplegia

for coronary artery bypass grafting. Eur J Cardiothorac Surg 1995; 9:133–138.

35. Canbaz S, Turgut N, Halici U, Balci K, Ege T, Duran E. Electrophysiological evaluation of

phrenic nerve injury during cardiac surgery—a prospective, controlled, clinical study. BMC

Surg 2004; 4:2.

36. Elefteriades JA, Morales DL, Gradel C, Tollis G, Jr., Levi E, Zaret BL. Results of coronary

artery bypass grafting by a single surgeon in patients with left ventricular ejection fractions

! or Z30%. Am J Cardiol 1997; 79:1573–1578.

37. Kron IL, Flanagan TL, Blackbourne LH, Schroeder RA, Nolan SP. Coronary revascularization

rather than cardiac transplantation for chronic ischemic cardiomyopathy. Ann Surg 1989;

210:348–352.

38. Mickleborough LL, Carson S, Tamariz M, Ivanov J. Results of revascularization in patients

with severe left ventricular dysfunction. J Thorac Cardiovasc Surg 2000; 119:550–557.

39. Arom KV, Flavin TF, Emery RW, Kshettry VR, Petersen RJ, Janey PA. Is low ejection fraction

safe for off-pump coronary bypass operation? Ann Thorac Surg 2000; 70:1021–1025.

40. Meharwal ZS, Trehan N. Off-pump coronary artery bypass grafting in patients with left

ventricular dysfunction. Heart Surg Forum 2002; 5:41–45.

41. Shennib H, Endo M, Benhamed O, Morin JF. Surgical revascularization in patients with poor

left ventricular function: on- or off-pump? Ann Thorac Surg 2002; 74:S1344–S1347.

42. Kleisli T, Cheng W, Jacobs MJ, et al. In the current era, complete revascularization improves

survival after coronary artery bypass surgery. J Thorac Cardiovasc Surg 2005; 129:1283–1291.

43. Morrison DA, Sethi G, Sacks J, et al. Angina With Extremely Serious Operative Mortality

Evaluation (AWESOME). Percutaneous coronary intervention versus coronary artery bypass

graft surgery for patients with medically refractory myocardial ischemia and risk factors for

adverse outcomes with bypass: a multicenter, randomized trial. Investigators of the department

of veterans affairs cooperative study #385, the Angina With Extremely Serious Operative

Mortality Evaluation (AWESOME). J Am Coll Cardiol 2001; 38:143–149.

44. Toda K, Mackenzie K, Mehra MR, et al. Revascularization in severe ventricular dysfunction

(15%!ORZLVEF!ORZ30%): a comparison of bypass grafting and percutaneous

intervention. Ann Thorac Surg 2002; 74:2082–2087.

45. Caines AE, Massad MG, Kpodonu J, Rebeiz AG, Evans A, Geha AS. Outcomes of coronary

artery bypass grafting versus percutaneous coronary intervention and medical therapy for

multivessel disease with and without left ventricular dysfunction. Cardiology 2004; 101:21–28.

46. Alderman EL, Bourassa MG, Cohen LS, et al. Ten-year follow-up of survival and myocardial

infarction in the randomized Coronary Artery Surgery Study. Circulation 1990; 82:1629–1646.

Shekar and Couper356



19
Valvular Surgery in Cardiomyopathy

Frederick Y. Chen and Lawrence H. Cohn
Division of Cardiac Surgery, Brigham and Women’s Hospital, Harvard Medical School,
Boston, Massachusetts, U.S.A.

INTRODUCTION

Heart failure is a health care problem of enormous importance in the United States. As the

leading cause of elderly hospitalizations, congestive heart failure (CHF) claims over

40,000 deaths per year and contributes to an additional 250,000. More than five million

Americans are affected. An estimated half a million more individuals will be diagnosed

with CHF every year (1). Currently, the only definitive treatment modality for CHF is

cardiac transplantation. Though an effective option, the w2000 heart transplants

performed annually have essentially no significant epidemiological impact (2). With

better treatment strategies continually evolving for coronary, valvular, and congenital

heart disease, improved patient survival ultimately will translate into a gradual progression

over time to cardiac failure in several of these patients. Myocardial function is at first

compromised but compensated. Once hearts can no longer compensate, however, patients

develop CHF. In pure economic terms, CHF costs the nation an estimated $10 to $50

billion annually. Clearly, more therapeutic options are needed.

In the context of this background, the concept of valvular disease in cardiomyopathy

has recently received additional attention. Valvular surgery in the setting of low ejection

fraction is rapidly becoming increasingly performed as one treatment methodology for

this patient population. The possibility of serving as an intermediate step toward trans-

plantation or as a final pathway in itself is attractive given the inadequacy of acceptable

heart donors. By treating valvular pathology, these procedures serve to ameliorate or

eliminate many of the symptoms.

The pathophysiology of cardiomyopathy progression is well described. Excluding

the primary cardiomyopathies, secondary and extramyocardial cardiomyopathies produce

remodeling that can be classified simplistically into two mechanistic pathways—pressure

and volume overload. Overload results in some degree of cellular hypertrophy (3). Once in

failure, the myocardium, without treatment intervention, ultimately spirals in an exorable

downward pathway. Each version of overload has its own characteristic pathophysiology.

With volume overload, there is abnormally increased filling of the ventricle during

diastole. This results in an adaptative dilatation by the ventricle to accommodate the

357



increased volume load imposed on it. With increase in left ventricular size, the volume

overload increases.

With pressure overload, the ventricle is forced to pump blood against an abnormally

high impedance, resulting in a compensatory hypertrophy and thickening of the

myocardial wall. Such wall thickening can lead to subendocardial ischemia as well as

diastolic dysfunction. This increases wall stress contributing to a vicious cycle, resulting in

worse heart failure.

Valvular disease in the context of heart failure is a clear illustration of these

concepts. In mitral regurgitation (MR), for example, volume overload of the heart causes

ventricular dilatation. Dilatation results in annular dilatation and greater separation of the

mitral valve leaflets, resulting in increased MR, which then has the corresponding effect

on ventricular dilatation (4). Another example might be the presence of an atrial septal

defect (ASD). Over time, right ventricular volume overload can occasionally occur. The

compliance of the left heart tends to decrease as the ventricles thicken, leading to increased

left to right shunting and further volume overload. Aortic stenosis represents the classic

example of pressure overload. The ventricle is forced to work against increasing afterload,

leading to compensatory hypertrophy, causing fibroblast proliferation, myocardial

apoptosis, and subendocardial ischemia resulting in angina, syncope, or CHF.

In this chapter, we review the current concepts, controversies, and indications for

valvular surgery in cardiomyopathy. Specifically, the aortic valve and mitral valve

are addressed.

VALVULAR REPAIR OR REPLACEMENT IN CARDIOMYOPATHY

In the past, valvular replacement or repair in the context of cardiomyopathy was thought to

be contraindicated. With significant comorbidities, often including age, COPD, and renal

dysfunction, patients with this diagnosis were considered to be of high operative risk.

Traditional valvular series from 10 to 20 years ago in the context of cardiomyopathy

often reported operative mortality rates in the 10% to 20% range. Medical treatment was

considered the best option.

This traditional paradigm of treatment has undergone significant change in the past

10 to 20 years. Although several reasons account for this shift in cardiac surgery, the

evolution of cardiac surgery and anesthesiology form the basis of this change. Surgical

techniques have been refined, including better myocardial protection and more

homeopathic cardiopulmonary bypass (CPB). Blood cardioplegia, given at regular,

routine intervals in an antegrade as well as retrograde fashion, is the accepted standard

for myocardial preservation. Vacuum-assisted drainage and heparin-coated circuits are

adjuncts contributing to improved CPB. Vacuum-assisted drainage allows for smaller

cannulas to be used, enabling peripheral cannulation and minimally invasive approaches

to valvular surgery. These advances have resulted in an overall decrease in cardiac surgery

operative morbidity and mortality for all patients. This has led to broadened indications for

surgery, including those patients previously perceived as too high risk. At Brigham and

Women’s Hospital, for instance, overall operative mortality for all patients over the age of

80 in the early 1990s was approximately 10%. By 2004, that operative mortality had fallen

to 1%–2%.

The timing of operative intervention for valvular heart disease is critical for the

management of these patients. With the trend of increasingly better operative outcomes in

valve surgery, there has been a parallel trend to treat valvular disease earlier before the left

ventricle sustains irreversible changes.
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MITRAL VALVE SURGERY IN CARDIOMYOPATHY:
A PROBLEM OF REGURGITATION

This new approach to treatment of patients with valvular disease is perhaps best

exemplified in the context of mitral valve surgery. In the cardiomyopathic ventricle, the

pathophysiology associated with the mitral valve is usually mitral reguvgitation (MR).

Though mitral stenosis can occur in the setting of cardiomyopathy, the pathological

process is usually rheumatic fever (RF), and the cardiomyopathy associated with RF

occurs by a completely different mechanism. This condition is relatively rare, as mitral

stenosis typically does not produce left ventricular dysfunction.

A significant percentage of the five million people with CHF have associated MR.

The estimated incidence of significant MR in patients with dilated cardiomyopathy is

approximately 60% (5). The etiology of MR in these patients is an abnormal geometry that

results in poor coaptation of the valve leaflets. Two mechanisms are primarily responsible.

Ventricular dilatation itself can cause mitral valve leaflets to not coapt as the annulus-ventricle

complex enlarges (Fig. 1). In ischemic cardiomyopathy, inferior ischemia may cause selective

posteromedial papillary muscle dysfunction with subsequent adverse effects on leaflet

coaptation (P3 is the most commonly affected region of the posterior leaflet).

Regardless of the precise mechanism, the prognosis for patients with severe MR and

compromised ventricular function is particularly poor, with a one-year actuarial survival

of approximately 50% (6). In a study from Brigham and Women’s, patients undergoing

combined coronary bypass grafting and ring annuloplasty had decreased survival if there

was residual MR (7).

As stated earlier, surgical correction of MR in patients with cardiomyopathy was

considered to be associated with high risk (8). The thinking during this time was that with

left ventricular dysfunction and MR, repairing or replacing the valve might significantly

increase the afterload of the heart resulting in an even higher mortality. This was determined

by the fact that up to 25% of the cardiac output was being injected back into the left atrium.

During this period, approximately 20 years ago, there was significant mortality

associated with combined coronary artery bypass surgery and mitral valve replacement,

reported to be between 10% and 20% (9).

Figure 1 Mitral regurgitation occurs through leaflets that fail to coapt when the ventricle becomes

dilated. Source: From Cohn LH. Cardiac Surgery in the Adult. New York: McGraw Hill, 2003.
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Dr. Carpentier’s original work with mitral valve repair was extended to patients

with diminished ventricular function where he demonstrated that this concept was not

valid (10). Subsequently Drs. Cohn and Cosgrove brought the concept of mitral valve

repair to this United States (11,12). The benefits of mitral valve repair include maintaining

the mitral annulus-chordae-papillary geometry is associated with preservation of ventri-

cular function (13). This has lead to the general philosophy that mitral valve repair should

be attempted in the majority of patients with MR. If a replacement is necessary, it is

suggested that as much of the annulus-chordae-papillary geometry be maintained to again

preserve as much ventricular systolic function as possible.

The application of mitral valve repair to patients with idiopathic cardiomyopathy

was performed first by Dr. Bolling and associates (14) who performed mitral valve repair

on a selected number of heart transplant patients. This resulted in increased postoperative

ejection fraction, improvement in New york Heart Association (NYHA) functional class

and a one-year actuarial survival of 75%. Patients with end-stage heart failure and

associated MR have a two-year mortality as high as 80% without heart transplantation (15).

Similar outcomes of mitral valve repair in patients with diminished ventricular

function were subsequently reported, including work at the Brigham and Women’s

Hospital (4). Survival of this group of patients at one year was 73% (Fig. 2). Similar

results were obtained in other studies in which procedures were done with low surgical

mortality and outcomes were associated with symptomatic relief and functional

improvement (16,17).

Dr. Bolling and his group reported a 10-year follow-up of over 200 patients with

cardiomyopathy and significant MR who underwent mitral valve repair (18). NYHA

functional classification improved from a mean of 3.2 to 1.8 and ejection fraction

increased from a mean of 16% to a mean of 26%. One, two, and five-year actuarial survival

was 82%, 71%, and 52%, respectively.

A follow-up study from the same institution by Wu et al. (19) compared 126 patients

who underwent mitral repair with 293 patients who did not undergo operation. This study

showed no clear survival benefit associated with mitral valve repair in patients with

significant MR and severe left ventricular dysfunction. The authors suggested that a

randomized prospective control trial be carried out to further assess potential survival

benefits with mitral valve repair in this group of severely ill patients.

Postoperative follow-up of these patients who underwent mitral valve repair from

a variety of centers demonstrate good durability. Recurrence of MR has a number of

etiologies including anterior leaflet repair as well as ventricular remodeling that occur
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Figure 2 Survival of patients undergoing mitral valve repair with ejection fraction !0.30. One

year survival is 73%. Source: From Ref. 4.
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subsequent to the operative procedure. A variety of devices are being developed to

decrease ventricular dilatation and allow corrective remodeling to occur. The ACORN

cardiac support device, a polyester mesh design to be wrapped around the ventricles, is one

of the first to be tested in a clinical trial (Fig. 3). Further investigation in this complex area

of MR associated with cardiomyopathy needs to be performed. This hypothesis is one that

could be addressed by a randomized clinical trial (20).

A reasonable set of guidelines for mitral valve surgery and cardiomypathy is the

following:

1. The mitral valve should be repaired, and not replaced, if at all possible.

2. Surgery should be undertaken if:

a. The patient is symptomatic, regardless of the degree of MR, and if the

symptoms can be attributed to MR,

b. Objective serial studies demonstrate evidence of continuing myocardial

deterioration in mild to moderate MR,

c. Asymptomatic severe MR exists with progressive left ventricular dilatation.

AORTIC VALVE SURGERY IN CARDIOMYOPATHY: AORTIC STENOSIS
AND AORTIC REGURGITATION

Aortic Stenosis

The pathophysiology of critical aortic stenosis is well described. Pressure overload

results in compensatory myocardial hypertrophy in an attempt to normalize the

Figure 3 The ACORN cardiac support device. A polyester mesh is wrapped around the heart to

prevent further ventricular remodeling and dilatation.
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increased wall stress. Increasing levels of diastolic dysfunction subsequently occur as

the ventricle thickens and stiffens. Fibroblasts and collagen proliferate in response to the

pressure overload and contribute to this hypertrophy response. Increased subendocardial

ischemia results as the myocardial wall further thickens. Such ischemia worsens any

diastolic dysfunction. If left unchecked, irreversible cardiac dysfunction occurs and

ultimately CHF.

Aortic valve replacement (AVR) is indicated whenever a patient becomes

symptomatic or if the ventricle demonstrates any objective signs of dysfunction. Unlike

mitral valve surgery, surgery for critical aortic stenosis and poor ventricular function has

been an operation performed for a number of years. This philosophy has gained more

enthusiasm over the last 20 years. Early results demonstrated that operative mortality

ranged from 10%–20% (21–22), including one at our institution (23).

Improved surgical results in patients with critical aortic stenosis and left ventricular

dysfunction are related to a variety of changes that have occurred in cardiac surgery and

anesthesiology over these past two decades. Pereira et al. (24) reported on patients

undergoing AVR for severe aortic stenosis and associated severe left ventricular

dysfunction and a low transvalvular gradient. These patients were compared to a closely

matched non-surgical group. Results indicated that AVR was associated with significantly

better hospital mortality, 8% compared to the non-surgical group (14%). Patients

undergoing AVR had reasonable long-term survival with 78% of patients living four years

versus only 15% of patients who did not undergo operation. These long-term improved

survival outcomes have been reported in other series (25,26). We offer surgery to patients

with critical aortic stenosis and left ventricular dysfunction who have demonstrated

reasonable functionality at home and before the onset of ventricular decompensation.

Severe AS, LV Dysfunction, and a Low Transvalvular
Gradient: Special Considerations

A patient with aortic stenosis and poor ventricular function will receive significant benefit

from AVR if the ventricle exhibits “contractile reserve.” If there is a question of the degree

of left ventricular dysfunction reversibility, contractile reserve is best assessed by

Dobutamine stress echocardiography. It is defined as an increase in stroke volume R20%

with low dose Dobutamine (27). There is also a school of thought that if the ventricular

dysfunction is caused by severely increased afterload and not intrinsic myocardial

dysfunction, AVR is indicated with the thought that left ventricular dysfunction is

secondary to “afterload mismatch” (28).

The particular patient who has presumed significant aortic stenosis, left ventricular

function, and a low transvalular gradient is somewhat more difficult to assess. There is

some thought that with Dobutamine infusion there is an increase in stroke volume which

results in opening a mildly diseased valve leading to a calculated area that is larger than

expected. This concept is known as “pseudostenosis” by Carabello and associates (28).

Another interpretation of a patient with presumed aortic stenosis, left ventricular

dysfunction, and a low transvalvular gradient is that the ventricle is unable to generate

enough cardiac output to produce a significant gradient.

A more accurate way to define the intrinsic property of the myocardium independent

of preload and afterload would provide the best assessment of operative risks. Currently,

however, our strategy is to offer AVR to any patient with critical aortic stenosis and left

ventricular dysfunction who has demonstrated reasonable functionality at home and has a

valve area of 0.8 cm2 or less. Calcification of the aortic valve is another important finding

in determining the timing for operation. Severe calcification, even in the presence of a
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questionable gradient but with symptoms, would prompt operative intervention. Our

current technique is to perform the majority of AVRs though a mini-sternotomy.

Aortic Regurgitation

Unlike aortic stenosis, there is a significant component of both volume and pressure

overload in aortic insufficiency (AI). AI results in eccentric hypertrophy and myocardial

fibrosis. Increased diastolic wall stress occurs as the ventricle receives excess volume and

pressure loading during diastole. Fibrosis of the myocardium develops. The thickened

ventricle, in combination with decreased diastolic coronary perfusion, renders the patient

vulnerable to angina. Permanent LV dysfunction is the end result.

Traditionally, AVR for AI has been recommended in patients that are symptomatic or

whose ventricular function exhibits any objective signs of decompensation. With preserved

ventricular function, AVR is well tolerated with low operative morbidity and mortality (29).

If ventricular dysfunction is present (as assessed by preoperative ejection fraction), the

indications for AVR are less clear. There are very few modern reports in the literature on

AVR in the setting of cardiomyopathy, as the vast majority of patients undergo correction

before cardiomyopathy develops. In general, the reported operative mortality for AVR in

this condition ranges between 8%–15%. This operative mortality compares favorably with a

five-year survival of between 20% and 66% in patients medically treated for severe AI and

left ventricular dysfunction (30). Chaliki and associates reported on 450 patients with this

condition, finding that preoperative ejection fraction was related to operative mortality (31),

a similar finding in other studies. In patients with a preoperative ejection fraction of 35% or

less, the operative mortality was 14% compared to an operative mortality of 3.7% in patients

with an ejection fraction of 50% or greater. Our strategy is to offer AVR to the majority of

patients with cardiomyopathy and severe AI.

CONCLUSIONS

The past 20 years have seen a dramatic improvement in cardiac surgery and

anesthesiology in regards to technology, technique, support, valve technology, and

perioperative care. With the current limited number of potential donor hearts, valve repair

and/or replacement in these patients with severe left ventricular dysfunction is a

reasonable option.
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INTRODUCTION

Congestive heart failure (CHF) is a major health care problem facing western society. It is

the leading cause of death in the United States and is expected to grow significantly in the

years ahead. The health care costs are staggering and the costs are estimated at $100 billion

today and $1 trillion by 2020 (1). Medical therapy is the mainstay of treatment for CHF of

all etiologies and a detailed overview of the medical treatment of CHF is presented in this

issue. Ischemic cardiomyopathy is the leading cause of CHF in western society. There are

however, many patients for whom medical therapy is not effective and for whom surgical

therapy is appropriate (2,3).

Coronary artery occlusion, if left untreated, will result in a transmural full thickness

myocardial infarction. Following infarction, the left ventricle undergoes a well-described

process of ventricular remodeling. Following an infarction of more than 30% of the left

ventricular circumference, the remodeling causes a progressive dilation of the ventricle

converting the normal elliptical left ventricle to a sphere (4). Early reperfusion via

thrombolysis or angioplasty techniques may alter the normal of progression of the infarction

from the endocardium to the epicardium resulting in a relative sparing of the epicardium.

This partial thickness infarction may result in a normal appearing epicardium with less

thinning of the ventricle as is seen in a full thickness infarction. This leads to the

development of an akinetic segment as opposed to the dyskinetic segments commonly seen

with full thickness infarctions. However, this thin layer of normal appearing myocardium

does not change the negative remodeling process or the ultimate clinical outcomes. The

GUSTO trial demonstrated that dilation does occur following thrombolysis for acute

infarctions and the dilation seen early after infarction is a predictor of early and late

mortality (5).

This remodeling process can result in a progressive dilation of the ventricle

resulting in an increase in the end diastolic diameter and volume, an increase in left

ventricular wall stress and oxygen demand, a loss of the natural elliptical shape with the

development of a more rounded LV, the development of mitral insufficiency and

ultimately a worsening of the global systolic function (6). The development of mitral

regurgitation is due to factors specific to ventricular remodeling as well as unrelated
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leaflet issues. The first factor related to the remodeling process is the annular dilation due

to the global ventricular enlargement. The second is restricted leaflet motion and reduced

coaptation due to the global LV dilation or involvement of the papillary muscles with the

infarction itself. These factors combine to prevent leaflet coaption or limit it in the proper

plane resulting in central regurgitation. Superimposed leaflet pathology can worsen the

functional regurgitation.

The prognosis of patients with ischemic cardiomyopathy is related to the left

ventricular size and the impact that remodeling has had on the function of the remote non

infracted zones (7). Progressive thinning and dilation of the remote areas leads to the

development of a spherical rather than the normal elliptical shape of the heart. Clinically,

the ongoing remodeling generates a progressive reduction in contractile force, worsening

CHF and ultimately death (4–8).

Another aspect of the dysfunction that develops following infarction is the

electrical and mechanical dyssynchrony that develops following infarction. Electrical

dyssynchrony will be delt with in detail in other sections of this book but the concept is

simply that abnormalities in the conduction system result in differential timing of left and

right ventricular contraction resulting in overall diminished left ventricular function. This

is treated in appropriate circumstances with biventricular pacing. Mechanical

dyssynchrony is a phenomenon of impaired left ventricular function caused by

nonuniform contraction, relaxation and filling of the ventricle due to juxtaposed areas

of akinesis, dyskinesis and hypokinesis alongside normal areas. This has been associated

with reduced survival (9).

Surgical techniques have been developed to arrest the progression and reverse the

pathologic changes induced by the process of negative post infarction ventricular

remodeling. This chapter will review these techniques and discuss the clinical outcomes

that have been achieved.

HISTORY

The genesis of procedures whose goal is to remodel the ventricle following myocardial

infarction is found in the history of left ventricular aneurysm surgery. Any discussion of

the history of the development of surgery to remodel the left ventricle following

myocardial infarction begins with Dr. Denton Cooley in 1958 when he performed the first

linear left ventricular aneurysmectomy on cardiopulmonary bypass (CPB) to treat a true

calcified ventricular aneurysm (10). Many other techniques and approaches were

developed over the years to treat post-infarction ventricular aneurysms (11). Jatene used

a technique of septoplasty and modified linear closure in the early 1980s (12). At the same

time Dor and colleagues introduced the technique of endoventricular circular patch plasty

which later came to bear his name in 1985 (13). His approach was unique in that it

approached akinetic areas and dyskinetic aneurysms equally and later began to apply this

technique to treat CHF. Cooley and colleagues later utilized a similar technique aneurysm

resection by patching the anterior wall from within the ventricle but without the encircling

purse string suture to reduce the volume of the anterior wall of the left ventricle (14,15).

The concept of reconstructing the ventricle to a prescribed size based on the patient’s size

was introduced by Dor and popularized by Menicanti. This has led to the development of

several commercial products to size the ventricle (16). Additional technical approaches

include a linear closure and septoplasty approach described by Mickleborough and a

concentric pursestring or “cerclage” technique followed by linear closure utilized by
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McCarthy (17,18). The end result of two decades of surgical innovation is four techniques

used for ventricular remodeling procedures today.

INDICATIONS FOR SURGERY

Classically, patients are candidates for SVR (Surgical Ventricular Remodeling) if they

have had an anterior myocardial infarction, have a large area of akinesis or dyskinesis and

have clinical evidence of CHF. Specific characteristics of patients who have successfully

undergone SVR are shown in Table 1. Ideal candidates have a large area of akinesis/

dyskinesis in the anteroseptal area, have retained function of the basilar and lateral

portions of the heart, and have good right ventricular function. In addition, they should be

candidates for revascularization and mitral valve repair if needed. Included in many

clinical series of SVR are patients who have had anterior infarctions with areas of akinesis

or dyskinesis who do not have heart failure. The indication for surgery in such patients is

angina and the need for coronary artery revascularization. In such patients, the goal of

therapy is to prevent the dilation and the clinical development of CHF which is an

inevitable part of post-infarction remodeling. Relative contraindications are shown in

Table 2. Many patients have additional cardiac conditions which will necessitate repair or

replacement, and they should be candidates for surgical repair of any lesion that exists.

SURGICAL APPROACHES

The surgical goals in surgical ventricular remodeling are seen in Table 1. They include

complete revascularization of all territories. Exclusion of the akinetic and dyskinetic

segments with a concomitant reduction in the size of the nonfunctioning anteroseptal

portion of the heart, recreation of the elliptical shape of the heart and a repair of any

valvular incompetence by valve repair or replacement.

The techniques required to achieve these goals are varied but all procedures share in

common standard surgical principles. The surgical procedure begins with standard arterial

and venous cannulation for CPB. Since concomitant coronary artery bypass grafting is

usually performed, the standard approach for CABG at that institution is utilized,

including myocardial protection. If mitral valve repair or replacement is a strong

possibility, cannulation of both inferior and superior cava is recommended. The left

ventricle can be vented directly, through the right superior pulmonary vein, or through the

Table 1 Indications for Surgical Ventricular Restoration

Anteroseptal myocardial infarction

NYHA Class 3 or 4 CHF

Depressed ejection fraction %

Large area of akinesis/dyskinesis

Asynergy of O35% of LV

End diastolic volume index O150 cc/m2

End systolic volume index O60 cc/m2

Candidate for revascularization

Retained basilar heart function

Good right ventricular function
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aortic root. Prior to systemic heparinization, femoral arterial access is obtained to make the

later placement of an intra-aortic balloon pump easier if necessary.

Once the patient is on CPB the sequence of procedures performed is dependent upon

personal preference. Most commonly, CABG is performed first. Once this is

accomplished, the SVR or the MVR can be performed next. The author performs the

MVR to avoid potential disruption of the ventricular reconstruction with retraction to

expose the mitral valve.

With the heart vented the left ventricle will often collapse demonstrating the area of

thinned out scar (Fig. 1). This does not always happen and the absence of collapse does not

contraindicate SVR. An incision is made into the anterior wall of the left through the area

of scar. In a typical anterior infarction, this is extended to the apex and proximally parallel

to the course of the left anterior descending coronary artery. Retention sutures are placed

to aid in achieving and maintaining exposure.

The ventricle is inspected and any thrombus is removed. If there is suspicion that

there is a large thrombus burden in the left ventricle preoperatively, it may be beneficial to

perform a left atriotomy, as if approaching the mitral valve, and placing a sponge into the

left atrium prior to opening the ventricle. This will prevent any particulate matter from

falling through the mitral valve into an unretrievable location in the pulmonary veins. The

sponge is later removed through the mitral valve and out the left ventricle after the

ventriculotomy is performed, the thrombus is removed and the ventricle irrigated.

During inspection of the ventricle the extent as well as the transmurality of the scar

is noted. A palpable transition zone between infarcted and noninfarcted muscle is often

palpable. This is particularly so with full thickness infarctions but is notably absent in

Table 2 Relative Contraindications to Surgical Ventricular Restoration

Multiple areas of infarction

Loss of basilar myocardial function

Pulmonary hypertension and right ventricular dysfunction

Unreconstructable coronary artery disease

Figure 1 The anterior ventriculotomy is made lateral to and parallel to the left anterior descending

coronary artery. This is extended to the apex and proximally to allow adequate exposure of the

endocardium. Source: From Dor V. Surgical management of left ventricular aneurysms by the

endoventricular circular patch plasty technique. Tech Card Thor Surg 1997; 2:139–50.
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some patients who have received thrombolytics or percutaneous revascularization prior to

widespread cell death. These patients demonstrate a mosaic pattern of ventricular scarring.

Such ventricles often demonstrate akinesis rather than dyskinesis.The presence or absence

of a transition zone is not known to be of clinical significant. The differences in the various

operations are apparent from this point forward in the operations.

DOR PROCEDURE (ENDOVENTRICULAR CIRCULAR PATCH PLASTY)

At this point in the procedure an encircling purse string of 2-0 polypropylene suture is

placed roughly at the “transition zone” between normal and infarcted myocardium

(Fig. 2). This stitch actually defines the limits of the new anterior wall. This is commonly

referred to as the “Fontan” stitch. The stitch is begun at the point selected to be the new

apex and is run cephalad across the septum along the transition zone. It is recommended to

include no more than one half of the septum regardless of the amount of scar left behind.

The suture is carried across the anterior wall and down the anterolateral wall to the new

apex. Deep, partial thickness bites into tough scar is recommended. If a second or more

purse strings are used, they should be placed equidistant from the previous purse string.

This is not a necessary step. The purse string is tied defining the outline of the new distal

anterior wall. The purse string should not be tied in an attempt to close the ventriculotomy

except in the rare instances of very small reconstructions. Doing so may cause the suture to

pull through the endocardium, especially in patients without well formed scar tissue. If this

was done it could result in a left ventricle which is more rounded than optimal. If a sizing

device is utilized, it is left inflated while the purse string is tied.

Placement of the purse string is one of the key steps in the operation. It chooses the

new apex of the heart and defines the outline of the new anterior wall. Selecting the

location of the purse strings is usually done by personal preference. It can be done in a

Figure 2 An encircling purse string suture is placed in the endocardium to outline the margins of

the “new” anterior wall. Source: From Dor V. Surgical management of left ventricular aneurysms by

the endoventricular circular patch plasty technique. Tech Card Thor Surg 1997; 2:139–50.
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measured fashion using one of several commercially available sizing devices, by selecting

a site based on experience or proximity to a landmark such as the papillary muscles, or at

the border of infarcted and non infarcted tissue. Use of the so called “border zone” was

most commonly recommended before the development of commercially available

devices. If a sizing device is used a variety of methods of determining the size of the device

to use have been recommended. Our method is to pick a device with a volume determined

roughly by 50-60 cc/m2 body surface area. Obese patients will have the volume titrated

down to 50 cc/m2 and cachetic patients will have the volume titrated up to 70 cc/m2.

The anterior wall is reconstructed utilizing a variety of techniques. A patch of

Dacron is used if the remaining defect is greater than 2–3 cm long (Fig. 3). An oval shaped

patch is cut to the appropriate size and is sutured in place closing the defect. Care is made

to place the patch sutures around the anterior purse string. The patch may be sutured using

a continuous or interrupted technique (Fig. 4). The sizing device is often left in place while

half of the patch is sewn into place and is deflated and removed after this. Prior to

completing the patch the left ventricular vent is shut off allowing the ventricle to fill with

blood, forcing air to escape the ventricle through the partially completed closure. After the

patch is sutured into place, or in the event of a small residual defect, a linear closure is

performed superficial to the patch or purse string (Fig. 5). Horizontal mattress sutures,

buttressed with bovine pericardium, is used as a first layer of closure. The second layer is a

continuous running stitch of 2-0 polypropylene. If the defect is moderate in size, but not

large enough for patching, a series of anterior purse string sutures can be placed to narrow

the ventricular defect prior to placing the mattress sutures.

The mitral repair, if necessary, can be done at any time utilizing any technique

preferred. An intra-ventricular repair as described by Menicanti is done through the

ventriculotomy prior to performing the SVR (8). Our standard approach is to perform a

Figure 3 The anterior wall is reconstructed with a patch or by primary closure. Patching is

optimally used for defects larger than 3 cm. Source: From Dor V. Surgical management of left

ventricular aneurysms by the endoventricular circular patch plasty technique. Tech Card Thor Surg

1997; 2:139–50.
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Figure 4 Patch sutures should be passed around the encircling anterior wall purse string for added

strength. A variety of different materials may be used to patch the ventriculotomy. Source: From Dor

V. Surgical management of left ventricular aneurysms by the endoventricular circular patch plasty

technique. Tech Card Thor Surg 1997; 2:139–50.

Figure 5 The remaining tissue of the anterior wall is reapproximated over the patch. Source: From

Dor V. Surgical management of left ventricular aneurysms by the endoventricular circular patch

plasty technique. Tech Card Thor Surg 1997; 2:139–50.
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reduction posterior annuloplasty, through a standard interatrial groove incision, prior to

performing the SVR to avoid the remote possibility of disrupting our ventricular closure.

A word should be mentioned about performing the SVR with the heart beating. One

advantage is that poorly functioning, often ischemic, ventricles are not further injured

during the period of cardiac arrest. Another is that the degree of mitral regurgitation and

the result of mitral repair can be assessed in a beating heart which is felt by some to be

advantageous. A final advantage is that it allows the border between contracting and non-

contracting segments of the heart to be seen more clearly from within the ventricle and

may aid in performing the SVR. The disadvantage is a much more difficult time in placing

the sizing device on the mitral annulus and keeping it there to allow accurate placement of

sutures. This disadvantage can be partially compensated for by tracing the outline of the

margins of the sizer on the endocardium and then deflating the sizer. No good evidence

supports any approach, however the novice may be aided with cardiac arrest until

experience is gained.

LINEAR CLOSURE WITH SEPTOPLASTY

This technique uses the same anterior ventriculotomy approach to expose the septum and

anterior wall. The technique employs a more traditional linear closure to exclude the

akinetic or dysinetic areas of the anterior wall. Additionally, the dilated, fibrotic areas of

the infracted septum are addressed by either including the septum in the linear closure

of the anterior wall or patching the septum. The septum is reconstructed with a patch of

Dacron sewn into the scar tissue on the septum along the border zone of infracted and

viable tissue. The patch is usually semicircular with the straight part of the patch

projecting anteriorly up through the ventriculotomy. The apex of the patch is included in

the linear ventriculotomy closure (Fig. 6).

Figure 6 Technique of septal exclusion and linear closure. Source: From Mickleborough LL,

Merchant N, Provost Y, Carson S, Ivanov J. Ventricular reconstruction for ischemic

cardiomyopathy. Ann Thor Surg 2003; 75:S6–12.
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MULTIPLE PURSE STRING OR CERCLAGE TECHNIQUE

This technique begins as do the previous two techniques. Once the anterior wall purse

string is placed and tied, additional purse strings are placed a few millimeters superficial to

the previous purse string. This continues anteriorly until the final remaining defect is small

and is closed with a standard linear closure (Fig. 7).

SEPTOPLASTY TECHNIQUE

This technique also begins the same way as other SVR procedures. There is an anterior

encircling purse string placed to define the borders of the anterior wall as there is in some

of the other SVR techniques. The distinguishing characteristic of this technique is the

placement of mattress sutures in the septum to reduce the horizontal length of the septum

(Figs. 8 and 9). Once the septal reduction is performed the anterior encircling purse string

is tied and the anterior wall is closed primarily or with a patch.

OUTCOMES

It is fair to say there is controversy in the optimal treatment of ischemic cardiomyopathy.

Part of the reason for that is that there are no contemporary prospective randomized trials

comparing similar groups of patients between medical therapy, coronary artery bypass

grafting, and SVR, with or without revascularization. Another issue is that much of the

data on SVR often involves large heterogeneous historical groups of patients whose

diagnostic studies and evaluation, indications for surgery, surgical procedure, surgeon,

follow up and many other factors, may or may not have been the same and the papers

themselves do not spell them out very clearly (18). While most of the published data on

outcomes from SVR procedures comes from single center studies with a great deal of

Figure 7 Technique of multiple concentric purse strings or “cerclage” followed by linear closure.

Source: From Ref. 18.
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experience such as those in Monaco, Milan, and Toronto, there is little published data from

multi-center studies. Both types of provide useful clinical information (16,19–22).

The effectiveness of SVR can be assessed from a variety of different perspectives.

Survival, morbidity and functional outcomes are the most commonly utilized benchmarks.

In a procedure whose functional outcomes are, in part, based on changing the size and

shape of the heart, morphological assessments are important considerations.

Menicanti and colleagues from Milan have a large experience of over one thousand

patients. The overall experience reflects many of the complicating issues noted above.

The overall operative mortality is 7.2% for the group. It is lower (4.8%) in patients

who undergo concomitant CABG, higher in patients with a preoperative EF%!30%

(12.3%), with concomitant mitral valve procedures (15%) or NYHA class 4 symptoms

(15.2%) (16). What is not easy to discern in this, or any other single institutional

experience, is exactly what the interplay among two or three of these factors is. It is logical

that the risk is higher. They have identified that factors associated with adverse outcomes

include worse NYHA functional class, EF!20%, ageO70 yr, urgent intervention, mitral

valve procedure, pulmonary hypertension (PASO60 mmHg, larger ventricles (EDVIO
180 cc/m2), the number and sites of previous myocardial infarctions, and right ventricular

dysfunction (16).

The optimal technique for performing SVR has been either implicitly suggested by

the surgical technique utilized or studied by direct comparison, usually with a single

institutional retrospective study (20,21). The simple fact is that like many areas of this

Figure 8 Jatene technique employs a linear septoplasty, concentric purse string suture along the

endocardial surface and a modified linear closure to treat post infarction aneurysms. Source: From

Cox JL. Left atrial isolation. A new technique for the treatment of supraventricular arrhythmias.

Semin Thor Cardiovasc Surg 1997; 2:131–8.

Conte376



emerging field, no study has been studied appropriately to answer this question. Mickle-

borough and colleagues reported on 285 patients over a 20 yr period utilizing a linear

closure technique with (25%) or without septoplasty (75%). The excellent 5 and 10 yr

survival was 82% and 62% respectively. As mentioned above, it is unclear if the patient

populations are the same. The study group included posterior infarcts and the data

is presented together. In the anterior infarct group, (appropriate for SVR) only 62% had

CHF of an unknown severity despite having a low EF% (mean 24G11%). Patients had to

have a palpably thinned area in the anterior wall, severe MR was an exclusion (only 1%

had a valve intervention) and the presence of calcified aneurysms excluded some patients.

Despite these differences, the risk factors for poor outcomes were EF!20%,

CHF, ventricular tachycardias and hypertension, not too dissimilar to other investigators

(23–25).

The RESTORE group is a collection of international centers performing SVR who

have combined data to study the outcomes of the SVR procedure. The combined number

of patients followed up by this group is 1,198 operated on between the years of 1998 and

2003. Most patients were in NYHA class 3 (40%) and class 4 (29%). Concomitant

procedures included coronary artery bypass grafting in 95%, mitral valve repair in 22%

and replacement in 1%. This study represents what is probably the best large study to date

in performing SVR in a heart failure population.

The RESTORE investigators found that global systolic function increased

postoperatively and ventricular size decreased as measured by ventriculography, magnetic

Figure 9 Jatene septoplasty technique demonstrating reduction in volume of septal scar after

linear septoplasty sutures are tied, prior to tying the anterior wall purse string. Source: From Cox JL.

Left atrial isolation. A new technique for the treatment of supraventricular arrhythmias. Semin Thor

Cardiovasc Surg 1997; 2:131–8.
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resonance imaging, or echocardiography. The ejection fraction increased from 29.6G11%

to 39.5G12.3%. The left ventricular end systolic volume index (LVESVI) decreased from

80.4G51.4 ml/m2 to 56.6G34.3 ml/m2.

Survival was excellent in this group. Thirty day mortality was 5.3% and the overall

5 yr survival was 68.6G2.8% (Fig. 4). Logistic regression analysis was performed to

identify risk factors for death any time following surgery. These included preoperative

EF !30%, LVESVI O80 ml/m2 advanced NYHA functional class and age O75 yr.

Patients with and EF O30% had a survival of 63.8%G3.9% compared to 76.7%G3.2%

76.7%G3.2% for those with an EF O30% and 83.0G4.0% with an EF of O40%. The fact

that many of these risk factors are the same or similar to those identified by both Menicanti

and Mickleborough suggest the ability of a single institution to discover the same findings

as seen in multi-center studies (23,24).

Our group at Johns Hopkins has looked at the outcomes of groups of patients with

severe advanced CHF. In one study 100% of the patients had class 3 (34%) or class 4

(66%) CHF and an EF% by magnetic resonance imaging of !20% with 65% having an

EF% !15%. Despite how sick these patients were, 69% improved to NYHA class 1 or 2

with an 1 yr survival of 81% Cox regression analysis demonstrated that pre-operative

diabetes, the use of an intra-aortic balloon pump during surgery, incomplete

revascularization, and a pre-operative left ventricular end-systolic volume index greater

than 130 mL/m2 were significant predictors of overall mortality (25).

The Hopkins group also looked at the outcomes of SVR in patients who had multi

territory infarctions which had been a contraindication in all previously published series.

The finding that standard treatment of the anterior wall infarction, along with suture

plication of the inferior wall for right coronary artery territory infarctions and the lateral

wall for lateral wall infarctions opens the door for a potentially new patient population for

this procedure (26).

The group at the Cleveland clinic investigated the impact of ventricular remodeling

on the neuroendocrine axis following SVR. Elevations in several markers of the

neurohormonal axis are elevated in CHF. They investigated the plasma levels of

norepinephrine, rennin, and angiotensin II before and 1 yr following SVR as well as brain

natriuretric peptide before and 3 mo following SVR. They found that SVR reduced

norepinephrine by 56%, angiotensin II by 60%, rennin activity by 56%, and brain

natriuretric peptide by 36% (27).

70 110 150 190 250 50 70 90 140 160 180ml/m2
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Figure 10 Pressure volume loops in two patients before and following SVR. Source: From Ref. 22.
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One of the most interesting studies of the effectiveness of SVR on cardiac function

was performed by DiDonato and colleagues at the Center Cardiothoracique do Monaco.

They looked at 30 patients undergoing SVR who did not have electrical asynchrony by

QRS definition, but did have mechanical dyssynchrony. Pressure/volume loops (P/V)were

obtained with intraventricular micromanometer tipped catheters and pressure/length (P/L)

loops were created by analysis of ventriculograms utilizing the Centerline method at 45

discrete intervals. These patients had very abnormal pressure volume loops in size, shape,

and orientation with impaired isometric phases with a rightward shift. Endocardial time

motion was either early or late yielding P/L loops which were abnormal in size shape and

orientation. Postoperatively SVR resulted in a leftward shifting of the P/V loops with a

near normalization of P/V loops as well as endocardial motion and P/L loops (Fig. 10).

These physiologic results of SVR occurred in concert with improved EF% (30G13% to

45G12%), reduced end diastolic and systolic volume indices 202G76 to 122G48 ml/m2

and 144G69 to 69G40 ml/m2 respectively), more rapid peak filling rate (1.75G0.7 to

2.32G0.7 EDV/s), peak ejection rate 1.7G0.07 to 2.6G.09 Sv/s) and calculated

measurements of mechanical efficiency (Figs. 6–11) (22).

In summary, SVR has been shown to improve ventricular size, morphology, EF %,

stroke volume index, ventricular energetics, ventricular synchrony and mechanical

efficiency. Clinically it results in improved functional capacity (NYHA class) and an

excellent 5 yr survival in very sick patients. It is an excellent treatment option in

appropriately selected patients with ischemic cardiomyopathy. Where SVR will fit in the

armamentarium of a heart failure team will be institution dependent based on their

expertise and experience. Further studies are needed to better define the appropriate

patients, the basis of the beneficial response ventricular physiology versus relief of

ischemia the optimal technique and the appropriate time to perform the procedure.
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INTRODUCTION

History

Despite the success of medical therapy, percutaneous coronary interventions (PCI), and

coronary artery bypass grafting (CABG) in the treatment of coronary artery disease, there

are a significant number of patients with refractory angina due to diffuse coronary artery

disease that is not amenable to PCI or CABG. This severe coronary artery disease can lead

to incomplete revascularization following CABG and is noted to occur in up to 25% of

CABG surgery (1). This incomplete revascularization is a powerful independent predictor

of operative mortality and perioperative adverse events (1–3). Additionally, the presence

of diseased but non-grafted arteries carries a poor prognosis and poses a significant

negative influence leading to an increased incidence of death, recurrent angina,

myocardial infarction, and the need for repeat CABG (4–6).

Transmyocardial laser revascularization (TMR) was designed to treat patients with

end-stage coronary disease. TMR was founded, in part, on previous methods of providing

direct perfusion to the myocardium. Prior attempts at direct perfusion were based on

Wearn’s description of sinusoids that allowed blood to flow directly from the ventricle into

the myocardium (7). These arterio-luminal connections provide perfusion in more

primitive vertebrate hearts and clinically occur in children with pulmonary atresia, an

intact ventricular septum and proximal obstruction of the coronary arteries. Sen and others

(8) used myocardial acupuncture to establish direct perfusion and theoretically to recreate

a coronary microcirculation similar to that of the reptilian heart. Additional methods of

attempting to improve myocardial blood flow include Beck’s creation of a form of

superficial angiogenesis as a response to epicardial and pericardial inflammation (9).

Combining the acupuncture, implantation and inflammation techniques, Boffi (10) as well

as Borst (11), used hollow tubes implanted in the myocardium to establish direct

perfusion. Results from all of these procedures yielded limited success. The angina relief

obtained was not long-lasting, was difficult to replicate, and most importantly, was

eventually overshadowed by the ability to perform CABG. The mechanical trauma that

resulted in poor long-term patency of myocardial acupuncture was overcome in theory by
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using a laser to create the channels. Although Mirhoseini et al. (12,13) and Okada et al.

(14,15) pioneered the use of a laser to perform this type of revascularization in conjunction

with CABG in the early 1980s, the use of a laser as sole therapy to establish its efficacy

required advancements in the technology. The carbon dioxide (CO2) laser used by

Mirhoseini had a peak output of 80 W and therefore required a significant amount of time

to complete a transmural channel. As a result, to optimally perform TMR, the heart had to

be chilled and still. Increasing the output of the laser to 800 W allowed TMR to be

performed on a beating heart. This breakthrough lead to the widespread clinical

application of TMR. Since then, over 15,000 patients have been treated with TMR around

the world and results from individual institutions, multi-center studies and prospective

randomized controlled trials have been reported (16–29).

Clinical Trials

The early non-randomized trials demonstrated that sole therapy TMR could be performed

safely on patients with severe coronary artery disease who previously had no options. The

significant angina relief seen in such patients led to prospective randomized controlled

studies to further demonstrate the efficacy of TMR. In these pivotal trials over 1,000

patients were enrolled and randomized to receiving either TMR or medical management as

treatment for their severe angina (23–28). The trials employed a 1:1 randomization in

which one half of the patients were treated with laser and patients in the control group

continued on maximal medical therapy. All patients were followed for 12 mo.

TMR AS SOLE THERAPY

Patients

The entry criteria for these studies, and for sole therapy TMR in general, are as follows:

Patients had refractory angina that was not amenable to standard methods of

revascularization as verified by a recent angiogram. They had evidence of reversible

ischemia based on myocardial perfusion scanning and their left ventricular ejection

fractions were greater than 25%.

The typical patient profiles of TMR patients in the randomized controlled trials are

listed in Table 1. Because the patients were equally randomized to the medical

management group there were no significant demographic differences between the TMR

and the control groups for any of these trials. Two different wavelengths of laser light were

used. Three studies (23–25) employed a Holmium: yttrium–aluminum–garnett (Ho:YAG)

laser and three, (20–28) used a carbon dioxide (CO2) laser. The average patient age was

62 yr and the majority were male (86%). While there were significant differences in the

baseline distribution of patients according to Canadian Cardiovascular Society (CCS)

Angina Class, the majority of the patients were in angina Class IV (61%). The ejection

fractions for all of the patients were mildly diminished at 48G10%. Many of the patients

had suffered at least one previous myocardial infarction and most had some prior

revascularization, CABG and/or PCI. Two of the trials, (23,26) permitted a crossover from

the medical management group to laser treatment for the presence of unstable angina that

necessitated intravenous anti-anginal therapy for which they were unweanable over a

period of at least 48 hr. By definition, these crossover patients were less stable and
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significantly different than those who had been initially randomized to TMR or medical

management alone.

Operative Technique

For sole therapy TMR, the patient is placed in a supine position with their left side slightly

elevated. General anesthesia is established using a double-lumen endotracheal tube or a

bronchial blocker to isolate the left lung. While not mandatory, this facilitates the

operation, particularly as most of the patients have pleural and mediastinal adhesions from

previous bypass surgery. Additionally, a thoracic epidural catheter can be employed to

provide postoperative pain control.

A left anterior thoracotomy in the fifth intercostal space is the usual incision site.

Once the ribs are spread by a retractor, the pericardium is opened to expose the epicardial

surface of the heart (Fig. 1). Care must be taken to avoid previous bypass grafts. The left

anterior descending artery is identified and used as a landmark for the location of the

septum. The inferior and posterior lateral portions of the heart can be reached through this

incision with a combination of manual traction, placement of packing behind the heart,

and, as illustrated, with the use of a right-angled laser handpiece. Channels are created

starting near the base of the heart and then serially in a line approximately 1-cm apart

toward the apex starting inferiorly and working superiorly to the anterior surface of the

heart. As there is some bleeding from the channels, commencement of the TMR inferiorly

keeps the anterior area clear and expedites the procedure. The number of channels created

depends on the size of the heart and on the size of the ischemic area. Myocardium that is

thinned by scar, particularly when the scar is transmural, should be avoided as TMR will

be of no benefit to these regions and bleeding from channels in these areas may be

problematic. The thoracotomy is then closed after the placement of a chest tube and, in the

majority of the cases, the patient is extubated in the operating room.

Table 1 Patient Characteristics in RCTS of Sole Therapy TMR

Characteristic Allen Frazier Burkhoff Schofield Aaberge

Patients (N) 275 192 182 188 100

Age (yr) 60 61 63 60 61

Male gender (%) 74 81 89 88 92

EF (%) 47 50 50 48 49

CCS Class III/IV (%) 0/100 31/69 37/63 73/27 66/34

CHF (%) 17 34 NR 9 NR

Diabetes (%) 46 40 36 19 22

Hyperlipidemia (%) 79 57 77 NR 76

Hypertension (%) 70 65 74 NR 28

Prior MI (%) 64 82 70 73 70

Prior CABG (%) 86 92 90 95 80

Prior PCI (%) 48 47 53 29 38

Baseline patient demographics from prospective randomized controlled trials of TMR.

Abbreviations: CABG, coronary artery bypass grafting; CCS, Canadian cardiovascular system angina class; CHF,

congestive heart failure; EF, ejection fraction; MI, myocardial infarction; NR, not reported; PCI, percutaneous

coronary intervention.
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The handpiece in Figure 2 is from a CO2 laser and illustrates one of the differences

between the two lasers employed for TMR. The CO2 laser energy is delivered via hollow

tubes and is reflected by mirrors to reach the epicardial surface. 1-mm channels are made

with a 15–20 J pulse. The firing of the laser is synchronized to occur on the r wave of the

EKG to avoid arrhythmias. The transmural channel is created by a signal pulse in 40 msec

and can be confirmed by transesophageal echocardiography (TEE). The vaporization of

blood by the laser energy as the laser beam enters the ventricle creates an obvious and

characteristic acoustic effect as noted on TEE. The Ho:YAG laser achieves a 1-mm

channel by manually advancing a fiber bundle through the myocardium while the laser

fires. Typical pulse energies are 2 Jsec for this laser and at a rate of 5 pulses per second,

10–20 pulses are required to traverse the myocardium. Detection of transmural penetration

is primarily by tactile and auditory feedback.

Endpoints

The principal subjective endpoint for all of the trials was a change in angina symptoms. This

was assessed by the investigator and/or a blinded independent observer. In addition to

assigning an angina class, standardized questionnaires such as the Seattle Angina

Questionnaire, the Short Form Questionnaire 36 (SF-36), and the Duke Activity Status

Index were employed. These tests were used to detect changes in symptoms and quality of life.

Figure 1 For transmyocardial laser revascularization, channels of one millimeter diameter are

created in a distribution of one per square centimeter, starting inferiorly and then working superiorly

to the anterior surface of the heart. The number of channels created depends on the size of the heart

and on the size of the ischemic area.
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Objective measurements consisted of repeated exercise tolerance testing as well as repeat

myocardial perfusion scans. Patients were reassessed at 3, 6, and 12 mo post-randomization.

RESULTS

Mortality

Prior to the randomized studies, mortality rates in the 10%–20% (16–22) range were

reported for TMR patients. In the randomized trials, lower perioperative mortality rates

were reported ranging from 1%–5% (23–28). One of the important lessons learned from

these controlled trials that differ from the earlier studies was a decrease in the mortality

when patients taken to the operating room were not unstable, specifically not on IV heparin

or nitroglycerin. When patients were allowed to recover from their most recent episode

of unstable angina, and were able to be weaned from intravenous medications such that

their operation could be performed two weeks later, the mortality dropped to 1% (26). The

one-year survival for TMR patients was 84%–95% and for medical management patients

was 79%–96%. Meta-analysis of the one-year survival demonstrated no statistically

significant difference between the patients treated with a laser to those that continued with

their medical therapy (30). Long term survival of the randomized patients from two of

these studies has been reported. Four year follow-up from Aaberge et al. in which both the

TMR and medical management groups were kept intact demonstrated a 78% survival for

TMR versus 76% for medical management (pZns) (31). In a 5-yr follow-up using an

Figure 2 The CO2 laser creates a transmural channel in a single 20 J pulse. Conceptually direct

perfusion may occur via the channel. Evidence indicates the laser stimulates angiogenesis in and

around the channel that leads to improved perfusion.
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intent-to-treat analysis Allen reported a survival for TMR patients at 65% versus 52% for

medical management patients (pZ0.05) (32).

Morbidity

Unlike mortality, the exact definition of various complications varied from one study

protocol to the next, and therefore, morbidity data are difficult to pool. Nevertheless, the

typical TMR patient’s postoperative course had a lower incidence of myocardial

infarction, heart failure, and arrhythmias than what has been documented in a similar

cohort of patients, those that have reoperative CABG (23–28).

Angina Class

The principal reason for performing TMR is to reduce the patient’s anginal symptoms.

This can be quantified by assessing the angina class, pre- and post procedure. Angina class

assessment was performed by a blinded independent observer in all studies. This was done

as the only angina assessment or as comparison with the investigators’ assessment.

Significant symptomatic improvement was seen in all studies for patients treated with the

laser. Using a definition of success as a decrease of two or more angina classes, all of the

studies demonstrated a significant success rate after TMR with success rates ranging from

25%–76% (Fig. 3). A meta-analysis of this angina reduction yielded a summary odds ratio

of 9.3 (95% CI: 4.6–18.5 p!0.000001). Significantly fewer patients in the medical

management group experienced symptomatic improvement and the success rate for these

patients ranged from 0%–32%. The seemingly broad range of success is due to differences

between the baseline characteristics of the studies. It is more difficult to achieve a two

Angina Relief at 12 Months: TMR vs. MM

44%

100%

76%

32%
48%

14%

72%

13%
25%

4%0%
0%

TMR

MM

Aaberge Allen Burkhoff Frazier Schofield

p<0.01 p<0.01p<0.001 p<0.001 p<0.001

Meta Analysis for Angina Reduction

Summary Odds Ratio
9.3

95% CI
4.6 - 18.5

p-value
<0.0000001

Figure 3 Summary of the angina relief results from five prospective randomized controlled trials

comparing transmyocardial laser revascularization (TMR) and medical management (MM). Graph

illustrates success rate for TMR or MM as measured by the percentage of patients that had a decrease

of two or more angina classes. Meta-analysis of these results documents the significant advantage

seen with TMR over MM.
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angina class improvement if the baseline angina class is III. Studies that started with most

of their patients in angina class III, not surprisingly, showed the lowest success rate. In

contrast, the largest success rate for TMR was seen in the trial in which all of the patients

were in CCS class IV at enrollment. Of note, the medical management group in this study

also showed the largest success rate (23). This underscores some of the baseline

differences between the studies.

Quality of Life and Myocardial Function

Quality of life indices as assessed by the Seattle Angina Questionnaire, the SF-36, and

Duke Activity Status Index, demonstrated significant improvement for TMR treated

patients vs. medical management in every study. Global assessment of myocardial

function by ejection fraction using echocardiography or radionuclide multigated

acquisition scans showed no significant change in the overall ejection fraction for any

of the patients, regardless of group assignment or study.

Hospital Admission

Another indicator of the efficacy of TMR was demonstrated in a reduction in hospital

admissions for unstable angina or cardiac related events post-procedure. A meta-analysis

of the data provided indicates that the 1 yr hospitalization rate of patients in the laser

treated group was statistically significantly less then for those treated medically. Medical

management patients were admitted four times more frequently than TMR patients over

the year of follow-up (30).

Exercise Tolerance

Additional functional test assessment using exercise tolerance was also performed in three

of the trials (24,27,28). While the method of treadmill testing differed between the trials,

the results demonstrate an improvement in exercise tolerance for TMR treated patients.

Two studies showed an average of 65–70 sec improvement in the TMR group at 12 mo

compared to their baseline, while the medical management group had either an average of

5 sec improvement or a 46 sec decrease in exercise time over the same interval (27,28).

One additional trial demonstrated that the time to chest pain during exercise increased

significantly and fewer patients were limited by chest pain in the TMR group, whereas the

medical management group showed no improvement (28).

Medical Treatment

All of the studies employed protocols that continued all of the patients on maximal

medical therapy. For each study the frequencies and dosages of antianginal and

cardiovascular drugs were similar between the two groups at baseline. TMR patients, as a

result of their symptomatic improvement, had a reduction in their medication use over the

year of follow-up. As many of these patients used a combination of short and long acting

nitrates preoperatively, the trials demonstrated a significant decrease in the use of nitrates

in TMR treated patients while the medical management patients showed a slight increase

in their nitrate usage. At one year, the overall medication use decreased or remained

unchanged in 83% of the TMR patients and, conversely, the use of medications increased

or remained unchanged in 86% of the medical management patients (26). The significant
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angina relief seen following TMR was not due to medication changes or increases for the

TMR treated patients.

Myocardial Perfusion

As previously stated, myocardial perfusion scans were obtained preoperatively to verify

the extent and severity of reversible ischemia. The four largest randomized trials included

follow-up scans as part of their study (23,24,26,27). These results reflect over 800 of the

patients randomized. The methodology of recording and analyzing these results differed in

each study so it is difficult to pool the data. Nevertheless, review of the results

demonstrated an improvement in perfusion for CO2 TMR treated patients. Fixed (scar) and

reversible (ischemic) defects were tallied for both the TMR treated patients and the

medical management groups. One CO2 study demonstrated a significant decrease in the

number of reversible defects for both the TMR and the medical management patients (27).

This improvement in the reversible defects in the TMR group was seen without a

significant increase in the fixed defects at the end of the study. However, the number of

fixed defects in the medical management group had nearly doubled over the same 12 mo

interval. Similarly, there was a 20% improvement in the perfusion of previously ischemic

areas in the CO2 TMR group of another trial and in that same trial there was a 27%

worsening of the perfusion of the ischemic areas in the medical management group at

12 mo (26). There was no difference in the number of fixed defects between the groups at

12 mo, nor was there a significant change in the number of fixed defects for each patient

compared with their baseline scans. The remaining two Ho:YAG studies that obtained

follow-up scans showed no significant difference between the TMR and the medical

management groups at 12 mo and no significant improvement in perfusion in the TMR

treated patients over the same interval (23,24).

Non-randomized data had previously demonstrated an improvement in perfusion

using dual isotope scanning at one and two years after CO2 TMR (33). Additionally, using

N-13 ammonia position emission tomography (PET) assessment, subendocardial

perfusion improved significantly compared to the subpericardial perfusion after CO2

TMR treatment (34,35).

Long-Term Results

Two reports of long-term follow-up of prospectively randomized patients are available.

Similar to the one-year results, intention to treat analyses determined that significantly

more TMR than MM patients continued to experience at least two-class angina

improvement from basline (88% vs. 44%, p!0.001) or were free from angina symptoms

altogether (33% vs. 11%, pZ0.02) at a mean of five years (32). In long-term follow-up of

the randomized trial that kept both the TMR and MM groups intact (i.e., no cross-over), it

was shown that angina symptoms were still significantly improved (24% vs. 3%, TMR vs.

MM, pZ0.001) and unstable angina hospitalizations were significantly reduced (p!0.05)

at a mean follow-up of 43 mo (31). Follow-up of a series of nonrandomized patients who

received TMR and survived long term, support these findings (36). At a mean of five years

and up to seven years post procedure, 81% of these patients improved to Class II or better,

68% were found to have improved at least two angina classes from baseline, 17% were

angina-free, and quality of life remained significantly improved. These last two reports

reflect the sustained angina relief seen with CO2 TMR as these patients had no additional

procedures to account for their symptom improvement over the long term.
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Based on an assessment of the cumulative results from these multiple randomized

trials, the recently updated ACC/AHA practice guidelines (37) and STS practice

guidelines (38) have determined that the weight of the evidence favors the use of TMR in

the treatment of stable, medically refractory, angina patients.

TMR AS AN ADJUNCT TO CABG

Clinical Trials

Owing to its success as sole therapy, TMR has been evaluated in conjunction with CABG

in patients with diffuse coronary artery disease who would be incompletely revascularized

by CABG alone. The safety and effectiveness of adjunctive TMR have been somewhat

difficult to assess due to the influence of coronary bypass grafts and the lack of randomized

control arms in some studies (39–41).

Two prospective, randomized, multi-centered controlled trials have been performed

using TMR adjunctively with CABG in patients. In these studies patients with one or more

viable myocardial target areas served by coronary vessels that were not amenable to

bypass grafting received either CABG plus TMR or CABG alone (42,43). Baseline and

operative characteristics were similar between groups, including the location and number

of bypass grafts placed (3.1G1.2, CABG/TMR; 3.4G1.2, CABG alone, pZ0.07).

Patients were blinded to their treatment group through one-year follow-up.

RESULTS

Mortality

Improved outcomes following TMRCCABG versus CABG alone in terms of a reduced

operative mortality rate (1.5% vs. 7.6%, pZ0.02), reduced postoperative inotropic support

requirements (30% vs. 55%, pZ0.001), increased 30-day freedom from major adverse

cardiac events (97% vs. 91%, pZ0.04), and improved one-year Kaplan–Meier survival

(95% vs. 89%, pZ0.05) have been reported (42). Multivariable predictors of operative

mortality were CABG alone (odds ratio 5.3, pZ0.04) and increased age (odds ratio 1.1,

pZ0.03) (42). A similar trend in operative mortality following TMRCCABG versus

CABG alone (9% vs 33%, pZ0.09) was reported in a study of high-risk patients (43).

Efficacy

The use of TMR adjunctively with CABG has been shown to decrease intensive care unit

(ICU) times and length of hospitalization stay (41). In a long-term follow-up of the

randomized controlled trial, the effectiveness of TMRCCABG vs CABG alone has been

reported (44). At a mean of five years, both groups experienced significant angina

improvement from baseline, however, the TMRCCABG group had a lower mean angina-

free patients (78% vs. 63%, pZ0.08), compared to CABG alone patients. Long term

survival was similar between randomized groups.

Observational data on the practice of TMRCCABG has been collected in the

Society of Thoracic Surgeons National Cardiac Database (45,46). From 1998 to 2003,

5618 patients underwent TMRCCABG. These were compared with 932,715 patients who

underwent CABG only operations. The TMRCCABG patients therefore account for 0.6%

of the surgical revascularization practice in the Database. Table 2 outlines the significant

baseline differences between the CABG only patients and the TMRCCABG patients. The
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TMRCCABG patients have an increased incidence of every surrogate marker of diffuse

arterial disease and therefore it is not surprising that their observed mortality was higher at

(3.8% vs. 2.7% for CABG only patients, p!0.001). When unstable angina patients were

removed, the observed mortality for TMRCCABG was decreased to 2.7% and the O/E

ratio was 0.87. Comparison of use and outcomes from sites that have a TMR laser versus

those that do not showed no evidence of overuse of TMR or difference in outcomes (46).

MECHANISMS

Laser–Tissue Interactions

Understanding the mechanism of TMR starts with understanding the laser–tissue

interaction. While numerous devices (47,48), including ultrasound (49), cryoablation

(50), radio frequency (51,52), heated needles (53,54), as well as the aforementioned

hollow and solid needles have been used; none have engendered the same response that is

seen with a laser. Additionally, numerous wavelengths of laser light have also been

employed. These include xenon-chloride (XeCl) (55,56), Neodymium:YAG (ND:YAG)

(57), Erbium:YAG (Er:YAG) (58), and Thulium–Holmium–Chromium:YAG lasers

(THC:YAG) (59). All of these devices have been explored experimentally, but have not

been pursued on a significant scale clinically. Only CO2 and Ho:YAG are used for TMR.

The result of any laser tissue interaction is dependent on both laser and tissue variables

(33,58–60). CO2 has a wavelength of 10,600-nm, whereas Ho:YAG has a wavelength of

2120 nm. These infrared wavelengths are primarily absorbed in water and therefore rely

on thermal energy to ablate tissue. One significant difference however is that the Ho:YAG

laser it is pulsed and the arrival of two successive pulses must be separated by time to

allow for thermal dissipation, otherwise the accumulated heat will cause the tissue to

Table 2 Comparison of CABG Only Versus TMRCCABG Patients

Characteristic CABG only TMRCCABG P value

N 932,715 5618

Body surface area, m2 (sd) 1.96 (0.24) 1.99 (0.23) !0.001

Diabetes (all types) 34% 50% !0.001

Insulin-dependent diabetes 10% 19% !0.001

Renal failure 5% 7% !0.001

Dialysis 1% 2% !0.001

CVA 7% 9% !0.001

Chronic lung disease 14% 17% !0.001

Peripheral vascular disease 16% 20% !0.001

Cerebral vascular disease 12% 17% !0.001

MI 46% 49% !0.001

Reoperation 9% 26% !0.001

3 vessel CAD 71% 80% !0.001

Hypercholesterolemia 62% 73% !0.001

Hypertension 72% 80% !0.001

Baseline demographics of TMR combined with CABG patients enrolled in the Society of Thoracic Surgeons

(STS) National Adult Cardiac Database.

Abbreviations: CAD, coronary artery disease; CVA, cerebral vascular accident; MI, myocardial infarction.

Source: STS Adult Cardiac Database 1998–2003.
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explode under pressure. Such explosions create acoustic waves, which travel along the

planes of lower resistance between muscle fibers and cause structural trauma as well as

thermo-coagulation (60). The standard operating parameters for the Ho:YAG laser, are

pulse energies of 1–2 Jsec and 6–8 W/pulse. The energy is delivered at a rate of 5 pulses/

sec through a flexible 1-mm optical fiber bundle. Despite the low energy level and short

pulse duration, there are very high levels of peak power delivered to the tissue so that with

each pulse there is an explosion (Fig. 4). Additionally, the fiber is advanced manually

through the myocardium and it is therefore impossible to know whether the channel is

being created by the kinetic energy delivered via the mechanical effects of the fiber and

whether there has been enough time for thermal dissipation prior to the next pulse.

In contrast the CO2 was used at an energy level of 15–20 Jsec/pulse with a pulse

duration of 25–40 msec. At this level, the laser photons do not cause explosive ablation

and the extent of structural damage is limited. Additionally, a transmural channel can be

created with a single pulse (Fig. 4). Confirmation of this transmurality is obtained by

observing the vaporization of blood within the ventricle using TEE.

Finally the CO2 laser is synchronized to fire on the r wave and with its short pulse

duration arrhythmic complications are minimized. The Ho:YAG device is unsynchronized

and due to the motion of the fiber through the myocardium over several cardiac cycles, is

more prone to ventricular arrhythmias.

Patent Channels

As noted, the original concept of TMR was to create perfusion via channels connecting the

ventricle with the myocardium. Clinical work has demonstrated some evidence of long-

term patency (61,62). Additional experimental work showed some evidence of patency as

well (63–66). There are also significant reports from autopsy series and laboratories that

indicate that the channels do not remain patent (67–71). The consensus is that while

channels may occasionally remain patent, this is not the principle mechanism of TMR.

Denervation

In contrast to the open channel mechanism, damage to the sympathetic nerve fibers may

explain the angina relief noted in clinical trials. The nervous system of the heart can

function independent of inputs from extra cardiac neurons to regulate regional cardiac

function by reflex action. This intrinsic system contains afferent neurons, sympathetic

Figure 4 Sequential photography of the firing of a single pulse from a CO2 laser and a Ho:YAG

laser into water. The pulse duration and energy levels are the same as those employed clinically.
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efferent, postganglionic neurons, and parasympathetic efferent postganglionic neurons.

Because of this complex system, it is difficult to demonstrate true denervation. However,

several experimental studies have demonstrated that denervation may indeed play a role in

Ho:YAG TMR (72–74). Experimental evidence to the contrary was performed in a

nonischemic animal model (75). Although the studies were carefully carried out, it is

difficult to isolate the sympathetic afferent nerve fibers and the experiments were in the

acute setting and only address short-term effects. Regardless of the methodology

employed in the laboratory, there is significant evidence of sympathetic denervation

following positron emission tomography of Ho:YAG TMR treated patients (76).

Angiogenesis

The likely underlying mechanism for the clinical efficacy of TMR is the stimulation of

angiogenesis. This mechanism fits the clinical picture of significant improvement in

symptoms over time as well as a concomitant improvement in perfusion, as seen with the

CO2 laser. Numerous reports have demonstrated a histologic increase in neovasculariza-

tion as a result of TMR channels (68,70,77–83). More molecular evidence of this

angiogenic phenomenon was derived from work that demonstrated an upregulation of

vascular endothelial growth factor (VEGF) messenger RNA, expression of FGF2, as well

as matrix metalloproteinases following TMR (84–86). Histologically, similar degrees of

neovascularization have been noted after mechanical injury of various types. Needle

injury has been demonstrated by immunohistochemistry to also stimulate growth factor

expression and angiogenesis. The conclusion is that TMR induced angiogenesis is a

nonspecific response to injury (87–89). Investigation of this using hot and cold needles,

radiofrequency energy, and laser energy to perform TMR clearly demonstrates a spectrum

of tissue response to the injury (53). The results in a model of chronic myocardial ischemia

to mimic the clinical scenario indicate that indeed neovascularization can occur after

mechanical TMR, but if these new blood vessels grow in the midst of a scar, there will be

little functional contribution from blood flow through these new vessels. The recovery of

function with laser TMR was due to a minimization of scar formation and a maximization

of angiogenesis.

This then becomes a critical question: if TMR induces angiogenesis, is there an

ensuing improvement in function? Clinically, this has been demonstrated subjectively

with quality of life assessments, but more importantly, it has been demonstrated

objectively with multiple techniques, including dobutamine stress echocardiography (90),

PET (34), and cardiac MRI (91,92). As further evidence of the angiogenic response,

experimental data has mirrored the clinical perfusion results noted, with improvements in

perfusion in porcine models of chronic ischemia where the ischemic zone was treated with

CO2 TMR (93–96). This improved perfusion did lead to an improvement in myocardial

function as well.

PERCUTANEOUS MYOCARDIAL LASER REVASCULARIZATION

Myocardial laser revascularization has been performed percutaneously (97–99), thora-

coscopically (100), via thoracotomy (23–29) and via sternotomy (39–42). Aside from the

percutaneous (PMR) approach, any of the other surgical approaches have yielded similar

symptomatic improvement. Several percutaneous trials have attempted to demonstrate a

symptomatic improvement with the creation of 2–3 mm deep subendocardial divots
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achieved with a laser fiber fed via a peripheral artery into the left ventricle (97–99). Even

with the use of electromechanical mapping to verify the position of the fiber and the

creation of the channel, the results from PMR have been less favorable than those seen

with TMR. A double-blinded randomized controlled trial showed no benefit to the laser

treated patients compared to the untreated control group (99). As the patients were blinded

to their treatment, the possibility of a significant placebo effect for PMR has been raised.

Of note, the morbidity and mortality of PMR is reportedly similar to that seen with TMR.

As a result, the United States Food and Drug Administration rendered PMR unapprovable.

The failure of PMR to achieve the same clinical results that have been seen with

TMR may be due to several significant limitations. The first of which is the partial

thickness treatment of the left ventricle. Even at the maximal estimated depth of 6-mm that

has been reported with PMR, this is significantly less than the full thickness treatment of

the myocardium that is achieved with an open TMR approach. Furthermore, there are

typically fewer of these partial thickness channels created with PMR. The exact location of

the channel and the establishment of a wide distribution of the channels from inside a

moving ventricle is also problematic. Finally, the limitations of Ho:YAG TMR are also

applicable to PMR as that is the wavelength of light that has been employed.

FUTURE USES OF TMR

Other potential applications include the use of TMR in the treatment of cardiac transplant

graft atherosclerosis. While performed on a small number of patients, the results have

indicated a benefit following TMR (101,102). Finally, the combination of TMR plus other

methods of angiogenesis may provide an even more robust response. Experimental work

investigating these combinations has verified a synergistic effect with regard to histologic

evidence of significant angiogenesis and, perhaps more importantly, an improvement in

myocardial function with a combination of TMR and gene therapy versus either therapy

alone (103–107).

SUMMARY

Cardiothoracic surgeons are increasingly faced with a more complex patient who has

developed a pattern of diffuse coronary artery disease and has exhausted nonsurgical

options. Results replicated in multiple randomized, controlled trials augmented by

recently available long-term results have validated the safety, effectiveness, and

substantially improved health outcomes through the application of TMR for the treatment

of selected patients with severe angina due to diffuse disease, when used alone and as

adjunctive therapy to achieve a more complete revascularization.
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INTRODUCTION

Surgically implanted Left Ventricular Assist Devices (LVADs) are an integral component

of managing patients with advanced heart failure awaiting cardiac transplantation (1).

Implantable LVADs, despite the recent successes in long-term use of these devices (2),

generally continue to function as “bridge to therapy”. Mechanical support of left

ventricular function results in myocardial unloading, decrease in myocardial oxygen

demand and augmentation of coronary and systemic perfusion. It can normalize the

hemodynamic derangement of heart failure and serve as a bridge to cardiac

transplantation, recovery or even become a destination therapy. Cardiac transplantation

remains the destination therapy and patients receive LVADs only after careful planning

and patient selection. LVADs are costly, invasive and require considerable surgical

expertise for their insertion and management. They remain the domain of specialized

centers and are not widely available. They are not practical in situations where circulatory

support is needed emergently and transiently.

The aging population and the growing epidemic of cardiovascular risk factors

continue to increase the worldwide burden of cardiovascular disease (3). This

epidemiological pressure, patient preference for minimally invasive procedures and the

constant technological advancement, continue to expand the indications for coronary

revascularization. As a result, increasingly complex patient subsets undergo percutaneous

coronary revascularization (PCI). Drug-eluting stents, modern antiplatelet therapy and

miniaturization of interventional devices allow durable results even in patients too ill for

surgical revascularization. Similarly, the field of percutaneous therapy for valvular disease

is rapidly expanding. Despite these advances, cardiogenic shock, especially when

complicating myocardial infarction, continues to exact high mortality rates (4). There is an

increasing need for minimally invasive circulatory support devices which can be inserted

percutaneously in any catheterization lab and provide effective support during a high-risk

procedure or offer a window of time to consider the next therapy.

In addition to providing periprocedural hemodynamic stability, rapid institution of a

simple circulatory support may impart, at least theoretically, some physiological benefits.
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The benefit of restoring epicardial flow during acute myocardial infarction, for example, is

significantly attenuated if myocardial perfusion remains impaired (5). In animal models of

myocardial infarction, mechanical unloading instituted prior to reperfusion has been

demonstrated to limit the extent of myocardial damage (6). Myocardial salvage has been

shown in experimental models of left ventricular unloading during ischemia using various

percutaneous devices. While surgically implanted cardiopulmonary bypass (CPB) during

reperfusion therapy is impractical, intra-aortic balloon pump (IABP) support has been

shown, albeit inconsistently, to increase myocardial blood flow and myocardial oxygen

supply (7). In animal models of cardiogenic shock due to myocardial infarction, left

ventricular support using left atrial to femoral artery bypass can restore microvascular

coronary flow and reduce the extent of myocardial necrosis (8,9). Transvalvular

circulatory support systems have also shown similar benefit (10). There is a growing

interest in incorporating simple and minimally invasive circulatory support systems in

revascularization strategies for myocardial infarction.

Efforts to develop such circulatory support systems stretch back at least half a

century. Much of the impetus for their development was eventually provided by the early

coronary balloon angioplasty techniques. Before the advent of coronary stents, prolonged

balloon inflation in the coronary arteries was poorly tolerated in patients with depressed

LV function, multivessel disease or severe valvular disease. Left ventricular assistance

was required in these patients to provide circulatory support during balloon-induced

coronary ischemia. In addition to the widely used IABP, clinically evaluated percutaneous

systems included the percutaneous CPB as well as transvalvular and left atrial to femoral

non-pulsatile flow devices. Despite the procedural success and early survival benefit

provided by such combined interventions, balloon angioplasty in these high-risk patients

did not provide durable results. As a result, long-term survival remained inferior to that

offered by coronary artery bypass graft (CABG) surgery (11). This tempered the

enthusiasm for high-risk balloon angioplasty with circulatory support. The introduction of

drug-eluting stents with durability comparable to CABG (12) eliminated these early

concerns. The devices in development today are a result of innovative technology applied

to some of these old ideas. While coronary ischemia is minimal during modern coronary

interventions, increasingly complex patients undergo a myriad of percutaneous

procedures. The list of potential indications for percutaneous LVAD (Table 1) continues

to expand as these devices become smaller and more efficient.

LEFT VENTRICULAR ASSIST DEVICES: PULSATILE
AND NON-PULSATILE FLOW

Mechanical circulatory support devices can be divided into nonpulsatile devices, which

provide constant flow, and pulsatile displacement devices, which deliver cyclic flow

mimicking systole and diastole. Examples of the latter are the pneumatic Thoratec, Medos,

Abiomed pumps and the electrical HeartMate I and Novacor pumps. These devices

provide a more physiological flow pattern but require surgical implantation of large-bore

cannulas and are associated with high bleeding rates and thromboembolic complications.

The pulsatile flow they generate requires mechanical valves with their inherent wear-and-

tear as well as embolic and infectious complications. The intracorporeal pulsatile devices

are large and their use is limited by appropriate body size. Their implantation and

maintenance are complicated and not applicable to emergencies but they do offer good

long-term durability. The nonpulsatile rotary devices are divided into centrifugal pumps

(percutaneous CPB Biomedicus pump, HeartMate III, CorAide) and axial flow pumps
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(Hemopump, HeartMate II, Jarvik 2000, DeBakey/NASA pump, Impella). These devices

are smaller with valveless design, and are easier to implant. Because of the size advantage,

all of the percutaneous circulatory assist devices operate on the nonpulsatile principle.

Hemolysis has been a major concern in nonpulsatile pumps, especially in those of axial

design. The fundamental difference between these devices lies in the nature of the flow

pattern they provide. Despite the obvious appeal of the pulsatile design, the clinical

outcomes of short-term support with pulsatile or non-pulsatile devices are not significantly

different (13). The nonpulsatile pumps assist rather than replace the left ventricle and may

be more appropriate as a bridge to recovery where complete LV unloading may be

detrimental to eventual recovery.

HISTORICAL PERSPECTIVE

Intra-aortic Balloon Pump

The IABP, first introduced in 1968, has evolved to become a reliable, easily inserted and

operated device with decreasing complication rates (14). It reduces left ventricular end

diastolic pressure and augments systemic perfusion. Its effect on coronary perfusion is

debatable: some studies suggest a 5%–15% augmentation in coronary blood flow in

experimental models (15,16), while others have found no effect at all in animals with

coronary stenoses (17,18). The increase in cardiac output provided by IABP varies and can

be a low as 0.2 L/min (19). IABP was initially used in patients with low cardiac output

after cardiac surgery, the so-called post-cardiotomy syndrome. IABP support has been

shown to reduce mortality rates in these patients (20). While aortic counter pulsation can

improve initial hemodynamics in patients with cardiogenic shock, available data suggest

that the benefit of IABP depends on the primary therapy of myocardial ischemia. IABP has

been shown to reduce mortality in patients with MI complicated by cardiogenic shock

Table 1 Clinical Situations in Which Percutaneous Left Ventricular Assistance May Offer

Survival Benefit

Bridge to recovery

Cardiogenic shock

Myocardial ischemia

Acute myocarditis

Decompensated heart failure

Postcardiotomy low output state

Bridge to therapy

End-stage heart failure (pre-surgical LVAD implantation)

Advanced valvular disease

Myocardial ischemia

High-risk PCI (CI!2.0 L/min/m2, systemic hypotension, end-organ hypoperfusion,

severely depressed LVEF, treatment of vessel supplying dominant amount

myocardial area)

Off-pump CABG

Transplant rejection

Bridge to decision

End-stage heart failure

Cardiogenic shock
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when they are treated with thrombolytics, but it had no benefit when used in conjunction

with primary angioplasty (21). Data from larger trials of myocardial infarction confirmed

that IABP support has not been independently associated with improvement in LV

function or survival (22,23). Mechanical support with IABP has been reported in up to

11% of patients undergoing cardiac transplantation but its utility in this situation is limited

due to immobilization imposed by the device.

IABP support can be rapidly initiated without specialized expertise or elaborate

supportive infrastructure. It has, however, several major shortcomings. It merely augments

the LV function and does not actively replace it. It is only successful in patients with

significant degree of residual LV function and cannot be used in patients with complex

arrhythmias or in patients with aortic valve disease. The use of IABP for left ventricular

support is well established, but its efficacy is limited in many of the sickest patients.

Left Atrial to Femoral Artery Bypass

The first use of circulatory support without the need for thoracotomy was described in

1959 in a canine model (24). In 1962 Dennis et al. (25,26) successfully applied this

technique in the clinical arena. The left atrial to femoral artery circuit was established with

trans-septal puncture via a jugular approach. A cannula was placed in the left atrium and,

with the aid of a roller pump; blood was delivered through a cannula in the femoral artery

into the descending aorta without the need for a membrane oxygenator. Left atrial to

femoral artery bypass has been proven in animals to decrease infarct size irrespective of

treatment of the infarct related artery (9,27). Clinically this design was initially used in

patients with postcardiotomy failure who could not be weaned from CPB (28,29). Despite

isolated reports of its use in the catheterization laboratory (30–32), technical limitations

hindered wider acceptance of this technique. The design was plagued by the lack of

adequately sized trans-septal cannula that could provide physiological flow rates and

pumps prone to thromboembolism and heating up from high speed and friction. With the

advent of intracardiac echo to assist with trans-septal puncture and technical advances in

pump design, this technique has gained new life through the development of TandemHeart

percutaneous LVAD system.

Percutaneous Cardiopulmonary Bypass

Development of membrane oxygenation and operating room-based CPB technology

inevitably led to its transfer into the cardiac catheterization laboratory. Percutaneous

cardiopulmonary bypass (pCPB) system (Bard Inc.), capable of producing up to 6 L/min

of flow, had a particular appeal in the pre-stent era of percutaneous coronary interventions

when the threat of abrupt vessel closure mitigated the enthusiasm for multi-vessel

interventions, particularly in patients with impaired LV function or high-risk anatomy.

Since both left and right ventricles were supported, CPB was effective in patients with

significant pulmonary vascular disease and biventricular failure.

Vogel et al. in 1988 described the first clinical use of CPB in patients undergoing

percutaneous coronary and valvular interventions (33). In 1989, Shawl et al., described a

fully percutaneous CPB technique (34). The principle of this device was similar to that

used in the operating room: unoxygenated blood was aspirated from the mid-right atrium

through a percutaneously placed 18- to 20-Fr catheter and passed sequentially through a

membrane oxygenator, a heat exchanger, and a pump before being returned to the

descending aorta via a catheter in the common femoral artery. Initial clinical experience

consisted of 51 patients undergoing non-emergent, high risk percutaneous coronary
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intervention who were supported for an average of 37 minutes (34). Percutaneous CPB

allowed prolonged occlusion of coronary flow (up to 10 minutes) without significant

periprocedural complications. There were three in-hospital deaths unrelated to the device

and one late death after a mean follow up of 5 months. A single center experience reported

by Shawl et al. (35) described 107 patients with severely decreased LVEF who underwent

coronary balloon angioplasty with pCPB. The procedural success was 98% with no

periprocedural deaths and low (4.7%) in-hospital mortality. These encouraging results

were offset by mortality rate of 21% at 21 months after the procedure. One and two year

survival was 83% and 77% respectively. Despite a rather complex design, pCPB could be

rapidly instituted in victims of cardiogenic shock. Circulatory support was, on average,

established in 21 minutes, reducing PCWP to 0–2 mmHg and allowing emergency

coronary angioplasty or stabilization until CABG (36,37). Experience from a larger multi-

center registry of 105 high-risk patients undergoing non-emergent PCI with pCPB support

confirmed high rates of periprocedural success and survival to hospital discharge. This

benefit, however came at a price: complication rates reached 39%, mostly as a result of

vascular morbidity related to large catheter size (38). There is limited information

regarding direct comparison of pCPB and other supportive devices. Schreiber et al.,

described single institution, non-randomized experience among 149 patients undergoing

high risk PCI who were supported with CPB or IABP (19). While there was no difference

in major adverse cardiovascular events, pCPB was associated with a significantly higher

rate of transfusions (60% vs. 27%) and need for vascular repair, 14% versus 3%. Kaul

et al., randomized a similar high-risk group of 40 patients to undergo PCI with IABP or

pCPB support (39). In these 40 patients with EF!30% and majority of myocardium

supplied by the target vessel, in-hospital mortality was identical at 5% but, again, pCPB

was associated with a higher rate of transfusions and vascular complications. Additional

drawbacks of the CPB system stemmed from its dependence on the oxygenator. CPB

support beyond 6 hours resulted in severe pulmonary and hematological complications

and activation of the inflammatory response.

Transvalvular Assist Device—The Hemopumpw

The Hemopumpw (Medtronic, Inc, Minneapolis, Minnesota, U.S.A.), the first ventricular

assist device made specifically for use outside the operating room, was designed by

Richard Wampler in 1988 (40). The initial description of this device in an animal model

was quickly followed by report of its use in 7 patients with cardiogenic shock (41). After

circulatory support for up to 4 days, 5 patients survived to discharge. The design of the

Hemopump was quite novel: a catheter-based system was inserted via the femoral artery

and advanced through the aorta and across the aortic valve into the left ventricle. A small,

turbine-like axial flow pump, located just proximal to the tip of the catheter, rotated at

17,000 to 25,000 rpm and aspirated blood through an inlet port in the catheter resting in the

LV. The blood was then expelled distally to the turbine through the catheter’s outlet port

positioned above the aortic valve in the ascending aorta. The turbine was coupled in the

catheter to a 9Fr drive shaft, which exited the body and was powered by an electro-

mechanical coupler. The device was contraindicated in patients with severe aortic valve

disease or left ventricular thrombus. It required a functioning right ventricle and was not

helpful in patients with pulmonary hypertension. The degree of circulatory support

provided by the pump depended on the afterload against which the Hemopump was

pumping. The lower the systemic pressure, the higher the pump flow delivered, a

relationship, which frequently required the use of pharmacological agents to lower the

systemic blood pressure. The original design used a 21F (7 mm in diameter) catheter
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inserted into the femoral artery with a surgical cut-down and was capable of providing 4 L/

min of non-pulsatile flow. The device was designed to provide support for 14 days.

In animal models of myocardial infarction and cardiogenic shock, the Hemopump

consistently reduced LV end-diastolic pressure, maintained the mean arterial pressure and

cardiac output and increased perfusion in the ischemic territory (42–45). In a sheep model

of LAD occlusion, left ventricular unloading and infarct zone reduction achieved with the

Hemopump were superior to that provided by IABP counter-pulsation (46).

Clinical experience in 53 patients with cardiogenic shock demonstrated that the 21F

Hemopump catheter could be inserted in 77% of patients to provide hemodynamic

stabilization and achieve a 30-day survival of 31.7% (47). Smalling et al. quantified the

hemodynamic effects of the Hemopump. During the first 24 hr of support in patients with

cardiogenic shock, PCWP decreased from 26G4 to 16G4 mmHg (pZ0.01) and cardiac

index increased from 1.6G0.4 to 2.4G0.4 L/min/m2 (48). Nevertheless, mortality

remained high: overall survival in the study group was 4 (36%) of 11 patients. Outside the

catheterization laboratory, the Hemopump has been successfully used in postcardiotomy

patients (49,50) and as substitute for CPB during CABG (51).

The introduction of a 14F cannula met with considerable enthusiasm. The first

application of the 14F system, Hemopump HP 14 was described by Scholz et al. (52) in

two hemodynamically compromised patients undergoing high risk PCI. The smaller

cannula size provided a somewhat reduced flow rate of 1.5–2.2 L/min but significantly

increased the mean arterial pressure and decreased the pulmonary capillary wedge

pressure during coronary artery occlusion. Further experience came from several

nonrandomized series of patients with cardiogenic shock and those treated with

circulatory support during high-risk percutaneous interventions. In a study of 32 patients

in cardiogenic shock undergoing high-risk PCI, Hemopump effectively decreased PCWP

and maintained cardiac index and systolic blood pressure during balloon inflation and

myocardial ischemia at a pre-insertion level (53). Among patients who developed cardiac

arrest during balloon occlusion of the coronary artery, Hemopump maintained mean

arterial pressure between 40 and 50 mmHg (53). Additional experience with the 14F

device was reported by Dubois-Rande in 13 patients undergoing high-risk PTCA. The

Hemopump assistance significantly decreased PCWP (23.5 to 18.6 mmHg, pZ0.013).

Applying coronary blood flow velocity measurements, investigators showed that

Hemopump had no effect on coronary blood flow velocities before or after the

angioplasty. Therefore, while the Hemopump unloaded the left ventricle, it did not alter

coronary flow under stable hemodynamic conditions; coronary flow under altered

hemodynamics was not assessed (54). Addition of IABP was tested to convert a

continuous flow Hemopump system to a pulsatile flow. Meyns et al., demonstrated

that this combination reduced the Hemopump output by 11% but increased myocardial

blood flow to ischemic regions without additional affect on the perfusion of the peripheral

organs (55).

Experience from larger clinical trials did not fulfill the early promise of this device.

Despite introduction of a smaller cannula size, bleeding and vascular complications

remained quite common, developing in 25% and 16% of patients respectively (53,56).

Despite its support, the overall in-hospital mortality after high-risk PCI was 12.5%

and hemolysis was frequent (53) In order to prevent thromboembolic events, the

Hemopump protocol required a high degree of anticoagulation with ACT above 400 sec,

vastly exceeding ACT of 200–300 sec recommended in current percutaneous

coronary interventions. Bleeding, transfusion requirement and mild thrombocytopenia

developed in 25% of the patients. Despite aggressive anticoagulation, thrombosis
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remained a concern. The Hemopump never gained the approval of the U.S. Food and

Drug Administration.

CONTEMPORARY PERCUTANEOUS LEFT VENTRICULAR
ASSIST DEVICES

Impella Recoverw System

The Impella device was developed by Impella Cardiosystems GmbH (Aachen, Germany)

in the late 1990s and became available in Europe for intraoperative ventricular support in

1999. The Impella pump is a catheter based, transvalvular, microaxial rotary flow pump

providing non-pulsatile flow (Fig. 1). This design is a result of the clinical experience with

the Hemopump and the technical innovations, which surmounted some of the

shortcomings of the Hemopump device. Progressive miniaturization has allowed a less

traumatic vascular access while delivering a physiologically adequate flow rate without

drive shaft complications. Evolution of the propeller manufacturing technology from hand

polished mini-turbine to injection molded impellers has eliminated hemolysis despite high

rotational speeds needed to deliver physiological flow.

The device is currently available in a larger, surgically implanted model

(Recoverw LD) and a smaller, percutaneously implanted design. The larger percutaneous

Figure 1 Impella Recoverw System. The device is placed over the wire from the femoral artery

across the aortic valve.
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Recoverw LP 5.0 device measures 6.4 mm in diameter (19.5F) and is mounted on a 9F

catheter. It is inserted via a femoral artery cut-down and delivers flow of up to 5 L/min at

speed of 32,500 rpm for up to 7 days. A thoracotomy-requiring version of this device

(Recover LD) is implanted with a trans-thoracic insertion via a 10 mm Dacron conduit

sewn into the aorta. Most of the clinical experience with this device comes from surgical

patients. The versatility of Recover LD allows direct placement via the ascending aorta

into the left ventricle or through the right atrium into the pulmonary artery to establish

biventricular support (57). The right ventricular Impella pump (Recover LD) differs in the

design of the impeller and the direction of its rotation.

The smaller percutaneous version of this circulatory support, Recoverw LP 2.5,

measures 4 mm in diameter (12F), is mounted on a 9F pig-tail catheter and can deliver up

to 2.5 L/min of non-pulsatile flow (Fig. 2). The principle of insertion is similar to that used

for the Hemopump device: the catheter is advanced over a guidewire from the femoral

artery into the left ventricle. The suction port is positioned in the LV and the outlet port in

the ascending aorta. Once the pump, located at the distal tip of the catheter, is placed

across the aortic valve, it aspirates blood from the left ventricle and propels it into the

ascending aorta. The pump’s performance depends on its rotary speed controlled by an

electrical motor, and the afterload facing the pump. The latter, measured as the difference

between the aortic and the LV pressure, is sensed by a sensor in the pump, which measures

the pressure drop between the tip of the cannula and the end of the pump. This pressure

difference and the rotational speed of the pump are monitored by a mobile console, which

allows adjustments to provide optimal flow and pump performance. The system is

designed for continuous use for up to 5 days and requires relatively low anticoagulation

levels.

In animal studies of acute myocardial infarction, ventricular support with the

Impella device led to an increase in the diastolic and mean blood pressures and a decrease

in the LV end diastolic pressure. While the myocardial blood flow during myocardial

ischemia was not affected, it did increase in the reperfusion phase. The myocardial oxygen

consumption was reduced, significantly decreasing the infarct size in Impella-supported

animals. The reduction in infarct size corresponded to the degree of unloading during

reperfusion (58). In animal models of acute mitral regurgitation, Impella pump, when

compared to traditional support with IABP, significantly increased cardiac output,

coronary and systemic perfusion and lowered left atrial pressure, providing a more

Figure 2 Impella Recoverw LP 2.5. The 12F pump is mounted on a 9F catheter (A) and is

controlled by a mobile console (B). Source: Photos courtesy of Impella Cardiosystems.
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effective LV unloading compared to IABP (59). Moreover, transvalvular placement has

not been associated with aortic regurgitation. In animal models of reperfusion injury,

Impella supported animals recovered with higher indices of myocardial contractility and

higher subendocardial blood flow suggesting a protective effect afforded by the Impella

device (60). Despite concerns about the impact of axial pumps on blood cell integrity,

animal studies have not shown any significant hemolysis or thrombocytopenia (61).

Early clinical experience with the Impella system came from applications of the

Recover LD and Recover LP 5.0 pump. This version has been used extensively in off-

pump CABG where it is positioned and monitored with the help of TEE (62,63). The

application of mechanical support during off-pump CABG originated from the observation

by Grundeman et al. (64) that lifting the heart to expose posterior vessels “flexed” the right

ventricle and induced hemodynamic instability. This observation provided an impetus for

the development of right ventricular mechanical support. Ultimately changing the

operating table position and opening the right pleura overcame this hemodynamic

instability. Nevertheless, hemodynamic instability can occur in patients with compro-

mised LV function or in whom heart manipulation provokes myocardial ischemia. Its

efficacy as an alternative to extracorporeal circulation has been well documented (65). A

randomized comparison of hemodynamic and clinical outcomes in patients undergoing off

pump CABG with biventricular Impella support or with standard CPB and traditional

CABG, did not show any differences in the intraoperative hemodynamic stability,

hemolysis or in the postoperative course (66). In a larger randomized multi-center trial in

199 patients undergoing off-pump CABG with biventricular Impella support or standard

CPB supported CABG, Impella supported revascularization was associated with reduced

systemic inflammatory response (67). Clinical outcome, myocardial necrosis, end organ

function and, more importantly, hemolysis did not differ between the two groups. While

routine off-pump CABG does not require additional mechanical support, this device can

play a role in more vulnerable patients with decreased LV function.

Additional experience has come from applications of the Impella pump in post-

cardiotomy failure, myocarditis and cardiogenic shock. Meyns et al., described their

experience in 16 patients with cardiogenic shock supported with the Impella Recover LP

5.0 device. In 6 of these patients the device was implanted via femoral approach and in 10

with direct aortic approach for postcardiotomy heart failure (68). Within 6 hr of

deployment, mean flow of 4.24 L/min resulted in a significant improvement in mean

arterial pressure, which rose from 57 mmHg to 75 mmHg. There was a significant increase

in cardiac output (from 4.1 to 5.5 L/min pZ0.003) and a decrease in PCWP from 29 to

17 mmHg (pZ0.04). These hemodynamic changes translated into a decrease in lactate

levels. Six patients developed mild hemolysis, which did not require any therapeutic

intervention. After 68% of the patients were weaned from the support, 37% survived long-

term. Jurmann et al., described successful Impella support in 6 patients with high predicted

mortality with postcardiotomy heart failure after CABG (69). Siegenthaler studied 24

patients with postcardiotomy failure with minimal hemolysis and favorable survival in

patients with some degree of residual LV function, suggesting that flow provided by the

pump may not be sufficient in the absence of some intrinsic myocardial function (70).

Outside the operating room, the Impella Recover LP 5.0 has been successful as a “bridge

to recovery” in treatment of fulminant myocarditis and cardiogenic shock for up to

18 days(71,72). There is some initial experience with the use of this device as a minimally

invasive bridging device in severe mitral and aortic valvular disease as well as patients

awaiting transplantation (72).

The clinical experience with the percutaneous Recover LP 2.5 device is growing,

especially in Europe where the device has been used in over 200 patients (73). When used
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during high-risk interventions in the setting of decreased LV function, this device achieved

immediate LV unloading and increased the cardiac output by 2.4 L/min without inducing

aortic regurgitation (74). The PROTECT I trial will randomize patients undergoing high-

risk PCI to Impella LP 2.5 or IABP support to establish safety and efficacy of this device.

There are some physiological limitations to the transvalvular design. It is clearly

contraindicated in the presence of significant aortic valve disease and may be difficult to

deliver in a diseased aorta. Complete cessation of its function creates the possibility of a

back-leak through the pump, thus inducing functional regurgitation into the left

ventricle. This has clear implications for weaning the device and can make it difficult to

judge the recovery of heart function because of the sudden regurgitant volume load on

the left ventricle. This was a particular concern for the Hemopump (75) but can be

overcome by Impella’s more advanced control system The heart-pump interaction is a

reciprocal process where the native heart influences the pump function and vice-versa.

Quantifying this interaction may be helpful in identifying optimal timing for weaning.

The recovery of left ventricular function and its dynamic contribution to flow creates

fluctuation in the pressure head the pump has to face. The increase in aortic pressure and

decrease in left ventricular diastolic pressure will increase the gradient of the pressure

differential sensed by the pump during the cardiac cycle, offering a determinant of

successful weaning (76).

TandemHeartw

TandemHeartw (CardiacAssist, Inc., Pittsburgh, Pennsylvania, U.S.A.) percutaneous

ventricular assist device (pVAD) is a centrifugal nonpulsatile flow system, which employs

a magnetically driven six-blade propeller pumping blood from the left heart to the femoral

artery (Fig. 3). The extra-corporeal pump contains two chambers. The upper housing

accommodates the inflow port from the LA and contains an impeller propelling blood out

to the outflow port. The lower housing contains a rotor driving the impeller and the

anticoagulation infusion port. The low blood contact surface area of the propeller and its

free-floating position in the housing generate minimal friction, reducing heat generation,

hemolysis and thromboembolism. The pump weighs 280 g and at its maximal speed of

7500 rpm is capable of generating cardiac output up to 4 L/min, independently of the left

ventricular function. Under optimal conditions, the pump easily reverses flow in the aorta

up to the level of the arch (77). The compact pump size allows very small priming volume

of 60 ml. The pump flow is measured by an electromagnetic flow meter and an external

power supply unit allows adjustment and monitoring of pump performance (Fig. 4). It

operates on an AC current with internal battery back-up support for transportation.

Under ideal conditions an experienced operator can insert TandemHeart VAD in the

catheterization laboratory in less than 30 min. The inflow cannula is a 21F polyurethane

end and side-hole catheter with 14 side holes. It is placed from the femoral vein into the

left atrium via the standard trans-septal technique (78). It must be positioned entirely in the

left atrium to avoid right to left shunting (Fig. 5). The cannula aspirates oxygenated blood,

which the pump returns to the arterial system via an outflow cannula inserted over a wire

from the femoral artery into the abdominal aorta. The outflow cannula size ranges from

14 F to 19F and the size selection depends on the diameter of the iliofemoral arteries and

the extent of peripheral arterial disease. The cannula size and the pump speed dictate the

magnitude of flow that can be generated. Alternatively, two 12Fr cannulas can be used in

both femoral arteries. In the presence of significant peripheral arterial disease, the outflow

cannula can become occlusive and cause lower limb ischemia. An additional antegrade

catheter may be used to perfuse the leg. Continuous infusion of Heparin (900 U/hr) is
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Figure 3 Schematic of TandemHeartw percutaneous left ventricular assist device.

Figure 4 The TandemHeartw mobile control unit. Source: Photo courtesy of CardiacAssist Inc.
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required to provide systemic anticoagulation with a target PTT 65–80 (ACT 200 sec).

The TandemHeart system is designed for prolonged support of up to 14 days. Weaning

protocol involves a stepwise decrease in the flow of the pump: output is decreased in

500 mL/L increments to 0.5 L/min. The device can be removed in patients who can

maintain CIO2.2 L/min/m2, MAPO70 mmHg and PCWP!18 mmHg without

inotropic support.

The benefit of a rapidly deployed, percutaneous circulatory assist device should be

most obvious in patients with cardiogenic shock due to myocardial ischemia. Thiele et al.,

supported 18 patients with acute myocardial infarction and cardiogenic shock who also

underwent percutaneous revascularization. Maximal duration of TandemHeart support

was 7 days with mean pump flow rates of 3.2 L/min. The hemodynamic improvement and

reversal of shock was apparent within hours, irrespective of the residual myocardial

function. TandemHeart device implantation resulted in a significant increase in cardiac

index from1.7 to 2.4 L/min/m2 (p!0.001), a rise in mean arterial pressure from 63 to

80 mmHg (p!0.001) and a decrease in PCWP from 21 to 14 mmHg (p!0.001). These

hemodynamic changes were associated with reversal of metabolic acidosis (77). In five

patients who presented with a VSD, the left to right shunt volume was reduced from 4.5 L/

min to 2.0 L/min and shunt ratio diminished from 2.6 to 1.6. Despite the left ventricular

unloading, there was no evidence of shunt reversal. Four patients died during the support

and four more died after weaning from TandemHeart with 10 patients surviving to

discharge. Overall, 30-day mortality was 44%. Device implantation was successful in

all patients and pump operation did not increase indices of hemolysis measured by

haptoglobin and plasma-free hemoglobin. Bleeding complications were limited to access

site bleeding and required blood transfusions in 5 patients. The 17F outflow cannula

became occlusive in two patients with peripheral arterial disease and required an accessory

antegrade perfusion cannula in the common femoral artery. Device associated

Figure 5 (A) The intracardiac position of the inflow cannula. (B) TandemHeartw cannula position

in a patient undergoing high risk PCI of the left circumflex artery.
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thromboembolism was not clinically evident: one patient with CT documented infarcts

had evidence of a large thrombus at the edge of a VSD.

Multiple case reports describe successful use of TandemHeart pVAD in high-risk

percutaneous interventions (79–82). In a series of 7 patients with mean left ventricular

ejection fraction of 24%, pVAD has been used for up to 11 days without lower

extremity malperfusion or bleeding outside the access site (81). In this small series

there was a tendency towards an increase in the mean arterial pressure and decrease in

LV filling pressures. Moreover, TandemHeart device has been used successfully in

postcardiotomy failure unresponsive to IABP and inotropic support (83). Additional US

experience with the TandemHeart system comes from the Phase I study assessing the

safety and feasibility of the device. It was conducted in five US centers and enrolled 13

patients mostly in cardiogenic shock due to myocardial infarction. Despite maximal

medical therapy 69% of these patients were refractory to IABP support. In this

critically ill group, pVAD support increased cardiac index from 2.09 to 2.53 L/min/m2

(pZ0.017). The mean arterial pressure rose from 70.6 to 81.7 mmHg (pZ0.014) with a

decrease in PCWP from 27.1 mmHg to 16.5 mmHg (pZ0.013) (84). Hemolysis,

measured by plasma free hemoglobin concentration, and platelet levels were not

affected by pVAD operation. There were no device associated deaths or

thromboembolic complications. There was no clinically significant ASD after the

trans-septal puncture. Six patients were supported as a bridge to surgery or PCI with a

6-wk survival rate of 83%. Three patients expired while being supported while 4

patients were weaned, two of whom were alive at 6 weeks. The subsequent Phase II

trial, conducted in US and European centers, randomized 90 patients in cardiogenic

shock to conventional therapy or TandemHeart pVAD. The primary end point included

sustained reversal of cardiogenic shock while the secondary end point focused on the

30-day survival without permanent neurological dysfunction. Major adverse cardiac

events were monitored for a 12-mo period. The results have not been published yet.

The THEAMI trial will test the effect of LV support during reperfusion therapy. It is an

ongoing multi-center European study randomizing patients undergoing PCI for large

anterior MI to IABP or pVAD support. The primary endpoint will be MRI assessment

of infarct size and remodeling.

While numerous reports and case series support the use of TandemHeart in ever

wider clinical situations, it is not clear whether large-scale use of this device translates into

a mortality benefit. To answer this question, Holger et al. (85) conducted a small,

randomized trial of 41 patients with acute myocardial infarction complicated by

cardiogenic shock who underwent PCI with pVAD support. TandemHeart achieved a

superior improvement in hemodynamic and metabolic parameters but at a price of

significantly higher rates of bleeding (19% vs. 8% pZ0.002) and limb ischemia (7% vs. 0,

pZ0.009). Ultimately, survival was identical in both groups with 30-day mortality of 45%

versus 43% (pZ0.86).

Hemolysis, thromboembolism and access site complications were less common in

the reported series. Residual ASD at the site of the transseptal puncture closes

spontaneously in majority of patients and has not been associated with any clinical

significance when it remained open. These observations are similar to the fate of

transseptal puncture after mitral valvuloplasty, which is associated with a detectable,

although clinically insignificant left-to-right shunt, which decreases or closes after 6 mo.

Fonger et al, described animal experience with trans-septal LVAD where the iatrogenic

ASD healed by 6 wk (27). Systemic hypothermia has been noted in few patients with

prolonged support (81) but can be corrected with shortening of the extracorporeal tubing
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and active re-warming. Limb loss, vessel injury cannula-associated thrombus and compli-

cation of trans-septal puncture are uncommon.

Other Devices in Development

Several other designs are currently in various phases of development. Amed Systems Inc

(West Sacramento, CA) has developed a catheter-based intravascular pump for temporary

circulatory support. The PUCA pump (PUlsatile CAtheter pump) is a trans-valvular design

combining the pulsatile counterpulsation of a balloon pump with the direct unloading

effect of the Hemopump. A thin walled catheter of various sizes contains both the in- and

out-flow valves and is connected to an external membrane pump. The blood is aspirated

from the left ventricle through the tip into the membrane pump and subsequently ejected

into the aorta through a valve proximal to the tip. The pump is driven by a variety of

commercially available pneumatic driving systems, including those in use for IABP. This

system can provide flow rates up to 3.0 L/min when using a 21F cannula and a 40 mL

membrane pump (86,87) The results have been promising in animal studies (88,89) but

clinical experience is so far limited.

The Cancion CardiacRecovery System (Orqis Medical, Lake Forest CA) is a

centrifugal pump system circulating blood from a peripheral artery into the descending

aorta. It superimposes this additional continuous flow onto the pulsatile aortic flow. It is

designed specifically for treatment of congestive heart failure guided by the principle that

increasing the flow in the aorta will unload the left ventricle and subsequently increase the

renal flow and beneficially modulate the neurohormonal axis. Evidence from animal

models of heart failure suggests that this device can be effective in restoring hemodynamic

homeostasis (90). This “rest to recovery” application will be investigated in a multi-center

MOMENTUM trial enrolling patients with heart failure unresponsive to standard medical

therapy. The limited clinical experience so far suggests that the device can unload the left

ventricle by lowering the capillary wedge pressure, increasing the cardiac output and

improving renal function (91,92).

CONCLUSION

The existing and contemplated percutaneous ventricular assist devices have validated the

concept of the value of left ventricular support. However, existing devices, though

improved, carry with them cannula sizes that engender vascular complications and are

more difficult to insert than an intra-aortic balloon pump. The challenge for the future

will be to apply the principles learned from the first generations of these devices to

the development a system as easy to insert and monitor as the existing intra-aortic

balloon pump.
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THE CURRENT PICTURE

The progress in medical therapy for heart failure has allowed many patients to remain stable

with adequate resting perfusion and good quality of life despite low left ventricular ejection

fraction. Systematic, serial adjustment of recommended medications and, in some cases,

pacing devices is required before patients can be considered to have moved “beyond medical

therapy”(1). At this stage, some patients are evaluated for definitive options such as cardiac

transplantation and/or mechanical cardiac support devices, while the majority should partner

in decisions regarding end-of-life care. The selection of patients for implantable ventricular

assist devices, as with any therapy, centers on the expected improvement of outcome offered

by the intervention (2). Currently, there are only a small number of patients for whom benefit

is anticipated from left ventricular assist devices, but relatively minor improvements

in current device outcomes could dramatically increase the candidate population. While

the majority of left ventricular assist devices are implanted with intent for a bridge to

transplantation, many transplant candidates now survive beyond 6 mo and sometimes 1–2 yr

on VAD before transplantation, which for some patients may never occur. The boundary

between devices for bridge and for permanent “destination” is increasingly blurred, both for

the initial selection decision and for the collection of outcomes. This chapter will focus on

selection of patients for “destination” VAD, but it may soon be most appropriate to consider

for “durable” VAD support, without pre-specification of ultimate transplant status.

BEYOND “OPTIMAL” MEDICAL THERAPY

The components of appropriate medical and reconstructive surgical therapy for heart

failure have been reviewed in the preceding chapters (1,3). The expertise and diligence

with which these must be pursued for optimal results once heart failure has progressed to

advanced stages defines effective heart failure management programs, which are difficult

to access in many communities (4). Resources of even greater intensity and higher cost are
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required, however, for maintenance of successful outpatient VAD programs (Table 1) (5).

Patients with advanced heart failure should traverse through the highest level of heart

failure management before any consideration of ventricular support device therapy.

Neurohormonal antagonism with beta adrenergic blocking agents and ACEI or

ARB form the foundation of the medical regimen, as shown in Figure 1 (1). Loop diuretics

are added as needed for fluid retention. Once decompensation has occurred, increasing

adjustments are needed in the regimen for fluid balance, which may include multiple

diuretics and repeated education regarding salt and fluid intake. Nitrates with or without

hydralazine may be added for patients with persistent symptoms (6). Bi-ventricular pacing

offers significant benefit in both symptoms and survival for selected patients with marked

dysynchrony as evidenced by QRSO150 msec (7), but should not be attempted as “rescue

therapy” for patients who have deteriorated to develop renal dysfunction or requirement

for intravenous inotropic therapy.

Patients may “fail” optimal medical therapy with either recurrent or refractory

decompensation. With “recurrent” decompensation, patients can be stabilized close to

normal volume status but experience frequent relapses into fluid retention. These patients

should be carefully considered for more intensive management and surveillance programs.

Some of these patients may be found to have poor compliance with their medical regimen

that would compromise their outcomes with any therapy. For others it may be possible to

maintain stability by more sensitive monitoring to guide intervention for early evidence of

fluid retention.

With refractory decompensation, patients usually cannot be restored to optimal

volume status, but remain severely volume overloaded with accompanying congestive

symptoms of dyspnea and/or abdominal discomfort. For some, cardiac output remains

at levels too low to adequately support organ function and nutrition. These patients are

unlikely to benefit from additional outpatient management. In some cases, reduction or

withdrawal of neurohormonal antagonists may allow higher perfusion pressure and better

renal function for the short term. The long-term outcome is unfavorable, however, after

withdrawal of either beta blockers or ACEI for patients in whom these neurohormonal

antagonists were previously tolerated (Fig. 2)(8). Intravenous inotropic agents are

often instituted as temporary therapy in hopes of re-establishing stability on oral agents.

Failure to wean inotropic agents successfully has frequently been considered a milestone

in progression to truly end-stage disease. Dependence on these infusions has been

defined as the repeated inability to reduce or discontinue without symptomatic

deterioration (9). For patients demonstrated to be inotrope-dependent in the REMATCH

trial, 30% met criteria for weaning despite ongoing inotropic support (10). In 12% of

patients, weaning failed during discontinuation of 1 of 2 agents administered together. In

the remaining patients, inability to the wean was documented by symptomatic

Table 1 Requirements of VAD Center to Provide Destination Therapy

(1) Experience with evaluation and management of end-stage heart failure, including selection for

cardiac transplantation and provision of end-of-life care

(2) A team of cardiologists, cardiac surgeons, anesthetists, perfusionists, nurses, and other health

care professionals who have been properly trained and equipped to perform the VAD

implantation and all subsequent follow-up device management, patient training, and long-

term care

(3) Formal plan to evaluate, select, and follow patients with VADs for destination therapy

(4) Outpatient facilities for chronic care of VAD patients and surveillance for VAD malfunction

Abbreviation: VAD, ventricular assist device.

Source: From Ref. 5.
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hypotension in over half of the patients (average systolic blood pressure 73mmHg),

progressively deteriorating renal function, or worsening dyspnea at rest. For eight other

REMATCH patients without distinct worsening of symptoms, inotrope withdrawal was

accompanied by mean cardiac indices 1.0–1.5 L/min/m2. When weaning is not possible,

continuous intravenous inotropic therapy is sometimes employed as a “bridge” to

transplantation. It is occasionally provided as palliation of symptoms during the final

weeks of life to some patients with good resources at home, but is associated with

Cardiac replacement
therapies

Asymptomatic Symptomatic Severe End-stage
Escalating Therapies for Heart Failure

Diuretics for fluid retention –

Spiro if normal K handling

Digoxin

HF MANAGEMENT PROGRAMS--

Re-adjust fluid balance,,

Exercise training

Bi-V for
QRS>150

----------Beta Blockers-------------

ACEI or ARB

nitrates + hydralazine–

Figure 1 Steps of escalating therapies for stages of heart failure from asymptomatic (Stage A) to

refractory, end-stage (Stage D). Cardiac transplantation and mechanical circulatory assist devices

represent a tiny proportion of the overall therapy provided for patients with heart failure. Source:

Adapted from Ref. 1.
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multiple complications and re-admissions (11). Before commitment to continuous

intravenous inotropic infusions, all other options, such as support with mechanical

devices, should be considered in eligible patients. However, it is important to retain

perspective for the majority of patients with end-stage heart failure, who are over 75 yr

of age with multiple co-morbidities (12). As patients move beyond the reach of optimal

medical therapy to relieve resting symptoms, the emphasis of care should shift

increasingly toward palliative interventions to provide comfort and support for those in

whom definitive device therapy is not appropriate (Figure 3).

BENEFIT OF VAD FOR DURABLE SUPPORT

Benefit of a therapy is the improvement in predicted outcomes with the device compared

to predicted outcomes without the device. Benefit can be dominated by either survival or

quality of life, as long as the other factor is sufficient to render the improvement clinically

significant. For current LVAD populations, the major benefit demonstrated has been for

survival (13). For survivors, the quality of life is clearly improved and sufficient to make

the additional survival time meaningful.

Survival Benefit with VAD

Survival with LVAD

Survival with left ventricular assist devices is currently approximately 50% at one year.

The REMATCH trial demonstrated 52% one-year survival in the 69 patients undergoing

implantation as part of a randomized trial (13). Subsequent one-year survival in the

Thoratec Registry of the HeartMate device approved for permanent “destination” therapy

remains in the range of 50%. One-year data from patients surviving with the Novacor

pulsatile device and other pulsatile and non-pulsatile investigational devices used as

bridge to transplant is also in the range of 50%. Survival from the MCSD (Mechanical

Cardiac Support Database), which includes 655 patients receiving multiple types of

implanted devices for bridge and destination therapy, indicates one-year survival of about

50%. (www.ishlt.org/registries/). There is relatively little data about longer-term survival,

but two-year survival for REMATCH device recipients was 29%, in selected centers with

particular emphasis on preventing device infection up to 40%.

The major causes of death with LVAD during the REMATCH trial were infection

and device failure. In the MCSD, the major causes of death reported were multiple organ

failure in 35%, hemorrhage in 15%, stroke in 10%, and infection in 8%(14).

Would VAD survival have been better if patients were less severely ill at the time of

implantation? Detailed analysis from REMATCH is limited by the small number of

patients receiving LVAD, but was performed in relation to baseline inotropic use (10).

One-year survival with LVAD was 57% for patients not on inotropic infusions at baseline

compared to 49% with LVAD for all patients on inotropic infusions, who had lower

systolic blood pressure and lower serum sodium at baseline. While the patients on baseline

inotropic therapy had slightly worse survival with LVAD than patients on oral therapy,

their survival on medical therapy was much worse, such that the benefit derived from the

device was greater. Survival with LVAD at one year was 41% for patients who

demonstrated inotropic dependence as described above, compared to 19% for those

patients on medical therapy. The best survival with LVAD was 62% at 1 yr, seen in

patients who were on inotropic therapy at randomization without documented weaning
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attempt, qualifying for the trial based on peak oxygen consumption (mean 9 ml/kg/min).

Further data are needed to understand the degree to which LVAD outcomes are

determined by the patient characteristics versus the characteristics inherent to the device.

Overall a one-year survival of 50% represents a synthesis of current experience with

implantable LVADs.

Death with Heart Failure

It is assumed that patients considered for VAD have been considered for all other

reconstructive surgical intervention and undergone aggressive medical therapy supervised

by an experienced heart failure program, as described above, prior to serious consideration

of VAD therapy. (Fig. 3) In order to derive survival benefit from ventricular assist devices,

these patients would have an anticipated 1-yr mortality of over 50%.

Survival after the initial diagnosis of heart failure remains in the range of 50% at

5 yr. No single descriptor is adequate to identify a sub-population with a one-year

mortality over 50%. Patients from the general community hospitalized for heart failure

in the United States, Canada, and Scotland as a group have a one-year mortality of

30–50%(15), but these patients have an average age of 74–75 yr with multiple

attendant co-morbidities, some of which contribute to death within the next year (16).

For otherwise healthy patients with heart failure, Class IV symptoms alone are not

enough to predict 50% 1 yr mortality. Prognosis is best determined after an intensive

hospitalization for re-evaluation and re-design of therapy. The majority of patients who
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Figure 3 Stream diagram demonstrating the sequence of evaluation for the small number of

patients who are not eligible for transplant but are nonetheless eligible for the current wearable

ventricular assist device approved as permanent therapy. Patients with recurrent or refractory

Class IV symptoms initially undergo intensive evaluation, therapy, and outpatient heart failure

management at advanced heart failure centers. The majority of contraindications for transplantation

are also contraindications for the current wearable left ventricular assist device. Although the

population of transplant candidates is small, they represent the majority of patients currently

receiving both approved and investigational ventricular assist devices.
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have had Class IV heart failure symptoms can be restored to Class III status and its

expected 1-year mortality of 10%–25% within a heart failure program of the intensity

required at programs offering VAD’s for discharge to home (17).

Continuous outpatient inotropic therapy confers a mortality that approaches 50% at

six months (9). Patients in whom ACEI have to be discontinued permanently due to

symptomatic hypotension or progressive renal dysfunction have a one year mortality

exceeding 50%(8). For other patients, previous risk scores from earlier eras of therapy have

limited relevance. The increasing prevalence of implantable defibrillators has decreased

sudden death and the use of bi-ventricular pacing for patients with QRSO150 has also

prolonged survival (7). Peak oxygen consumption !14 ml/kg/min once indicated very

high risk in transplant candidates, but in the age of beta blocker use is now often lower,

without the same ominous portent (18). From data such as that in the recent ESCAPE trial

of patients hospitalized with advanced heart failure, risk models for high early mortality are

being constructed based on the profile at hospital discharge, including blood urea nitrogen,

serum sodium, systolic blood pressure, six-minute walk distance, B-type natriuretic

peptide levels, diuretic dose and ability to take neurohormonal antagonists.

Current Indications for LVAD to Lengthen Survival in Non-transplant Candidates

It is generally agreed that the population receiving LVAD therapy in REMATCH

represented the most compromised patients who would ever be considered. It is important

to note, however, that compromise of this severity was neither mandated nor anticipated

when that trial was designed (19). The entry criteria would have encompassed a broader

population with lower mortality on medical therapy than what was actually observed.

Nonetheless, as a starting point, the currently accepted indications for LVAD use in non-

transplant candidates are derived from the REMATCH criteria (Table 2).

From an operational standpoint, it is clear from the REMATCH experience, and

from cumulative other experience, that patients in whom inotrope dependence is

demonstrated should be considered for VAD placement before further deterioration. For

other patients, Class IV status is currently required to be supported by peak oxygen

consumption !12 ml/kg/min. It is hoped that combinations of risk factors, including

functional indices, laboratory parameters, and therapies tolerated such as those above, will

be validated that could identify patients who have low likelihood of one-year survival but

have not yet deteriorated to the level where multi-organ failure is imminent and

perioperative outcomes are jeopardized. As survival with devices improves, the relevant

range within which updated survival statistics for heart failure are critical will move in

concert with it, to patients with less imminent compromise and risk.

Function and Quality with LVAD

The current pulsatile left ventricular assist devices can provide stroke volume up to 85 cc

and cardiac output up to 10 l/min when venous return is high, as during exercise. This is

generally adequate to support activity at a Class II–III level after physical rehabilitation.

Some patients have returned to golfing, bowling, bicycling, skiing, and various employ-

ments (20).

The currently approved devices for long-term use are large pulsatile devices that are

placed in the left upper quadrant, with tunneling of the drive-line site to exit on the right

side of the abdomen. Each pulsation is associated with strong torque initially felt intensely

by the patient, and a significant noise that limits attendance at public places such as movie

theatres and concert halls. Many patients have loss of appetite and experience early satiety
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due to the loss of abdominal space. When away from the bedside console, the batteries are

worn in a vest that is inconspicuous for most men, but burdensome for some women. Other

concerns voiced by patients are the dependence on community power sources and batteries

with limited capacity.

Table 2 Patient Selection for LVAD as Destination Therapy

Indications All of the following conditions should be met:

(1) New York Heart Association Class IV symptoms for at least 60 of

90 days

(2) Optimal medical therapy as tolerated with ACEI, beta-blockers,

spironolactone, digoxin, and titration of high-dose combination

diuretics to relieve congestion, compliance with salt and fluid

restriction and weight monitoring, supervised in advanced heart

failure management program

(3) LVEF%25% AND:

(a) Dependence on intravenous inotropic infusions despite multiple

weaning attempts, limited by symptomatic hypotension,

progressively declining renal function, or worsening symptoms

(usually dyspnea) OR:

(b) Peak oxygen consumption %10–12 ml/kg/min during exercise

testing with demonstrated achievement of cardiac limitation

(usually anaerobic metabolism indicated by respiratory quo-

tient R1.1) OR:

(c) Imminent risk profile, undergoing definition

Contraindications (1) Heart failure with obstructive hypertrophic cardiomyopathy or

potentially reversible cause of cardiomyopathy

(2) Technical obstacles that pose high surgical risk for successful

LVAD implantation and maintenance

(3) Co-existing terminal condition (e.g., advanced metastatic cancer or

clinically significant co-morbidities that might limit functional

survival, such as severe lung, liver, peripheral vascular disease or

intrinsic kidney disease.)

(4) Active systemic infection or major chronic risk for infection

(5) Fixed pulmonary hypertension (generally R8 Wood units)

(6) Severe right ventricular dysfunction out of proportion to left

ventricular failure, deemed unlikely to resolve after LVAD

implantation

(7) Presence of mechanical valve that will not be converted to

bioprosthetic valve at the time of LVAD implantation

(8) Abdominal aortic aneurysm R5 cm

(9) Body surface area !1.5 M2, inadequate transverse abdominal

dimension or other physical restriction to device placement

(10) Body mass index O40 kg/m2

(11) Patient inability to understand and provide informed consent

(12) Inability of patient and companions to maintain the VAD in

operating condition (change batteries, recognize alarms, hand

pump)

Many of these are derived from the design of the randomized trial of LVAD as destination therapy and may

evolve with subsequent clinical experience.

Abbreviations: LVAD, left ventricular assist devices; VAD, ventricular assist devices.
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Neurological events can compromise clinical function and quality of life after

implantation. Most neurological events occur transiently in the early post-operative

period, attributed to toxic-metabolic and other factors. Strokes can occur from emboli

and/or cerebral hemorrhage. In the REMATCH trial, 16% of LVAD patients had a stroke,

for a rate of 0.19 per year (21).

Despite the physical presence of the device and the concern regarding infections and

device function, quality of life is improved for most device recipients (Fig. 4). The level

achieved, as measured by the Minnesota Living with Heart Failure questionnaire, is

comparable to that for patients with less severe initial compromise who underwent

bi-ventricular pacing in the pivotal trials (22).

Both survival and quality of life are important to patients facing imminent death. In

studies examining patient utilities with heart failure, the majority of patients with

advanced heart failure in the Class IV range express willingness to trade more than half of

remaining time, or risk more than 50% chance of death, in order to feel better (23).

CONTRAINDICATIONS FOR CURRENT VADs

After the approval of VAD for “destination” therapy, it was anticipated that several

thousand would be implanted yearly for this purpose. In the past 3 yr, fewer than 200 VAD

have been implanted in the United States for “destination”. This is in part due to the

blurred distinction between bridge and destination intent. Many patients undergo long-

term VAD placement due not to ineligibility for transplantation, but due to large body size,

multiple pre-formed antibodies or other factors that predict a long or futile wait for a donor

heart. Contra-indications initially considered temporary such as recent malignancy or

renal dysfunction may lead to VAD support that becomes final.
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Figure 4 Bar graph showing the impact of interventions on heart failure symptoms in relation to

the initial symptom severity. The largest benefit is shown for patients with the most severe symptoms

receiving left ventricular assist devices. The impact of hospitalization at a referral heart failure center

is shown for symptoms at 6 mo after discharge, from the ESCAPE trial. Symptomatic improvement

is shown from the bi-ventricular pacing trial, the trial of the hydralazine-nitrate combination in

African Americans, and the original V-Heft II trial in mild-moderate heart failure. Source: From

Refs. 6, 13, 22, 24, and 25.
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Transplant Status

There are, however, few reasons that make a person ineligible for a transplant without

compromising their eligibility for a good outcome after a ventricular assist device (Fig. 5).

Issues such as pulmonary disease, peripheral vascular disease, infection, and psychosocial

status affect both. (Fig. 3) A relative exception is renal dysfunction, which when related to

poor cardiac output often improves after VAD placement, and often worsens on the

calcineurin inhibitors for immunosuppression after transplant. Nonetheless, a high

creatinine is a risk factor for worse outcome with VAD as well as with transplantation and

with continued medical therapy (14). Another potential candidate for direct VAD is a

patient with a recently treated malignancy for which survival is expected to exceed 2 yr,

but might be worsened by immunosuppression.

Age

The target population for VAD for permanent support is anticipated to be comprised

largely of people in their sixties and seventies. Further data will be required on outcomes

beyond one year with the current and new investigational devices. The current limited data

suggests that the best outcome with support devices is in patients under 65 yr, who from

the MCSD sample had a one year survival of 83% with destination LVAD compared to

52% for older patients (14a).

Body Size

The current implantable VADs require a body surface area of at least 1.5 m2 but often are

not well accommodated unless the BSA is at least 1.7 m2. Some abdominal cavity shapes

are also inhospitable. Approximately half of women are too small for implantable VAD’s.

They have to receive the external Thoratec pumps that lie next to the body and can be

powered by a portable driver on wheels, which is currently approved as therapy prior to

transplantation but not for permanent therapy.

Right Ventricular Failure

Right ventricular function is a major determinant of compensation in chronic heart failure.

Most patients with good right ventricular function are able to maintain fluid balance and

modest daily activity and thus do not often present the profile of refractory

Older Age
Co-morbidity
Pulm HTN
Other Contra
Pt Refused Tx
Not specified

Mechanical Cardiac Support Database
2005  N = 129

Figure 5 Pie chart showing the reasons listed for ineligibility for heart transplantation in patients

found to be candidates for left ventricular assist device therapy in end-stage heart failure. Source:

From Ref. 14.
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decompensation. Chronically elevated left ventricular and pulmonary artery pressures can

eventually lead to secondary right heart failure. At that time, patients usually present with

a profile of biventricular failure, with pulmonary venous and systemic venous pressures

severely elevated. The symptoms and signs of systemic venous congestion may dominate

the clinical picture.

Implantable ventricular assist devices are currently available only for the left

ventricle. Unloading the left-sided pressures, consequently the pulmonary artery pressures

and the right ventricular afterload, often leads to marked improvement of right ventricular

function. While rapid, this improvement may take days, during which right ventricular

failure can persist (26). During this time, VAD flows may be marginal or inadequate due to

lack of sufficient return from the pulmonary veins. In addition, increased left-sided output

can aggravate the clinical picture of right ventricular failure. Compromise of hepatic

function and nutrition can jeopardize the post-operative recovery.

Right heart failure can be improved by pulmonary vasodilators, such as inhaled

nitric oxide, nitroglycerin, or nesiritide. Intravenous inotropic therapy often helps provide

support for the right ventricle during this transition period. Temporary right ventricular

support devices have also been used. Outcomes have not been favorable with current

combinations of right and left ventricular support devices, which likely reflects not only

the complexity of two devices, but also worse pre-existing organ dysfunction. The

6-month survival after simultaneous right and left ventricular assist device placement in

the Mechanical Cardiac Support Database is only 40%, compared to 74% with LVAD

alone (14). Additionally, there can be a penalty of trying to “ride it out” using

pharmacologic support during right ventricular failure in the early post-operative period.

The frequency of right ventricular failure requiring right ventricular support is

estimated be approximately 20% of patients after LVAD placement. Considerable effort

has been devoted to identifying those patients most at risk (26). Looking at the relative

elevation of right atrial and pulmonary capillary wedge pressures is qualitatively helpful.

If both are high, when right atrial pressure exceeds about 2/3 of the left-sided filling

pressures, it becomes less likely that right ventricular function can recover solely from

unloading of left-sided filling pressures. Paradoxically, high pulmonary artery pressures in

the setting of high left sided pressures are a favorable sign for this situation, as the right

ventricle is performing substantial work that can be reduced. On the other hand, if the

pulmonary artery pressures are very high (over 60 mmHg) with pulmonary capillary

wedge pressure !22 mmHg, it is likely that there is intrinsic pulmonary hypertension (27)

that will not completely reverse with left ventricular support and secondary right heart

dysfunction may persist. It should be noted that current estimates of 20% significant right

heart failure after LVAD derive only from patients for whom LVAD was selected with the

expectation that right heart function would be adequate. Patients with apparently dominant

right heart failure have rarely undergone isolated LVAD placement. As more patients

survive to late-stage heart failure, the prevalence of right ventricular failure is expected to

increase, and more sophisticated modes of assessment will become crucial.

The Face and Pace of Progress

The limited number of patients who have undergone destination therapy since REMATCH

have not provided adequate data to demonstrate encouraging evolution of outcomes. Sites

with the most experience have the best outcomes, as more is learned about infection

prophylaxis and device surveillance. Newer VAD’s will offer decreased rates of known

complications, but will likely bring new facets of concern. During device development, it
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is critical to compare similar parameters across devices, as suggested in Table 3. The basis

of evidence for new devices will likely include a range of patients and follow-up with the

destination intent, the intent to bridge mechanically to transplant, and the intent to follow

for potential transplant eligibility. Outcomes with devices for all of these patients may be

aggregated as “durable support.”

As devices become more versatile, they may be used across a wider spectrum of

patients and purposes. Patients not yet afflicted with end-stage heart failure may receive

partial circulatory support from unobtrusive devices implanted to prevent later

decompensation. Patients with end-stage non–ischemic heart failure may receive devices

in order to support “recovery,” either as a result of adjusted loads and neurohormonal

modulation (28), or specific reconstructive therapy with genes or progenitor cells and

supporting matrices. For the present, however, recovery occurs in less than 5% of

patients implanted with left ventricular assist devices for the therapy of truly chronic

heart failure (29).

Mechanical circulatory support devices currently offer major benefit to only a sliver

of the overall pie of the heart failure population. Even as they evolve, it is unlikely that

devices to supplement cardiac output will eclipse other medical and surgical therapies.

The complexity of the patient population and the varied therapeutic options mandate that

patients undergo careful evaluation to identify the right therapy for each. For some

patients, meticulous heart failure management can restore a level of compensation

commensurate or better than achievable with mechanical support. For many others, the

best option will be to connect with an end-of-life care team who will bring comfort and

dignity (Fig. 3). The technological and human resources required to offer all the options

represent a multi-faceted commitment (Table 1), which should appropriately be focused at

dedicated centers.

Table 3 Comparing New Wearable Devices

Global outcomes % survival to and after transplant

% 6 and 12 mo actuarial survival with device

# patients followed O1 yr on device

Causes of death

Size of device and eligible

recipients

Device control Mode of response to increased demand

Possibility of negative intravascular pressure

Peak output of device in clinical settings

Level of activity demonstrated in patient series

Reliability Frequency of component malfunction per patient-year

Mode of monitoring for malfunction

What happens if device stops?

Adverse events

Thromboembolic Type of anticoagulation recommended

Rate of clinical neurologic event (reversible or permanent) in

30 days, 90 days, per patient-year

Hematologic Evidence of hemolysis

Infectious Rate of drive line site infection in first 90 days, then per

patient-year

Rate of systemic infection with positive blood cultures per

patient-year
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Ventricular Assist Devices
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HISTORY OF MECHANICAL VENTRICULAR ASSISTANCE

Gibbon’s creation of a bubble oxygenator not only allowed for the surgical treatment

of complex cardiovascular diseases, it also hailed the beginning of mechanical cardio-

pulmonary assistance (1). However, it became clear to pioneers in the field of cardiac

surgery that certain patients would not easily be weaned from cardiopulmonary bypass

(CPB), indicating the necessity of having mechanical devices that assist with native

cardiac function until the heart recovers. The first successful use of a mechanical bridge to

recovery was reported in 1963, when four patients suffering from postcardiotomy heart

failure were maintained on femoral–femoral bypass until their hearts recovered adequate

function to support them (2).

Advancements in the field of mechanical ventricular assistance then led to the

development of intra-thoracic devices such as the device introduced by DeBakey in 1963,

which drew blood from the left atrium and ejected it into the descending thoracic aorta.

The complex pneumatic controller and blood chamber was modified a few years later to

yield the first successful mechanical bridge to recovery in a patient suffering from acute

heart failure after double valve replacement (3).

The development of ventricular mechanical assistance was further advanced after

the National Heart Institute formed the Artificial Heart Program in 1964 (4). Once a

national effort was in place to fund research in this field, investigators were able to

successfully produce different devices for different heart failure indications. Devices

were then developed for use not only as a bridge to recovery, but also as a bridge to

transplantation (5,6).

The first left ventricular assist device (LVAD) implantation as a bridge to

transplantation occurred in 1982 (7). As experience with this indication for LVAD use

grew, clinicians began to envision a new indication for LVAD use: permanent cardiac

assistance. The term “destination therapy” has been applied to devices used in such a

fashion. The REMATCH trial in 2001 demonstrated improved outcomes in patients with

end-stage CHF receiving LVADs when compared to patients treated with optimal medical

management (8). The success of these devices in bridging patients to recovery and

transplantation, as well as the success of patients treated with LVADs as destination
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therapy, provides tremendous hope for patients with end-stage CHF who would otherwise

have little hope for survival.

Throughout the 1980s and 1990s, advances in the technology of mechanical

ventricular assistance has improved outcomes and broadened the indications for the use of

these devices. This chapter will address these indications, as well as the issues of patient

and device selection. Finally, a discussion of individual devices will conclude with current

research in this field and the prospects for mechanical assist devices in the future.

OVERVIEW OF VENTRICULAR ASSIST DEVICES

Short-Term Indications

The development of mechanical ventricular assistance has led to two separate types of

indications. The first set of indications encompasses patients that should only require

mechanical ventricular assistance for a short period of time. Patients with acute left

ventricular failure who will likely recover from their heart failure event may only require

support for a few days to weeks. These patients often have ventricular assist devices

(VADs) placed as a bridge to recovery, which can be implanted as a right ventricular assist

device (RVAD), LVAD, or bilateral ventricular assist device (BiVAD). Patients with

acute myocarditis, postcardiotomy syndrome, myocardial infarction (with revasculariza-

tion), and post-transplant reperfusion injury often fit into this category (9).

Certain patients originally designated as bridge to recovery will fail to regain

adequate cardiac function after device placement. In these patients who have undergone

short term LVAD placement, the LVAD may become a bridge to the placement of a longer

term device (i.e., bridge to bridge). Many LVADs implanted on a short term basis are not

able to sustain patients over a longer period of time. Therefore, in patients receiving some

of these short term devices, the device needs to be replaced within a few days to weeks by

an LVAD that is able to sustain patients over the long term. This bridge to bridge function

of certain LVADs becomes a very important option for patients undergoing cardiac

surgery at non-transplant centers. Once it becomes clear that patients require mechanical

circulatory assistance, surgeons can place a short term device that sustains the patient until

they are transported to a quaternary center for definitive treatment.

Long-Term Indications

Certain types of heart failure will require long term mechanical ventricular assistance in

order to sustain the patient. Long term goals for the use of LVADs include bridge to

transplantation, destination therapy, and bridge to recovery in special circumstances or

under experimental protocol. As technology improves so that devices are becoming

smaller and more manageable for patients, many of the devices can be used for either

indication. Table 1 indicates the most common causes of heart failure necessitating the

placement of a long term LVAD.

Devices used as a bridge to transplantation may be in place for a number of months

to years. They can enable patients to recover function of other end-organs that may have

sustained damage from poor circulation (10). Patients who do not qualify for

transplantation may still benefit from the placement of a long term LVAD as destination

therapy. The benefit of this use of LVADs was first shown in the REMATCH Trial, which

demonstrated a significant survival benefit for non-transplantable end-stage CHF patients

receiving LVAD compared to optimal medical therapy (8). However, whenever possible,

patients who are transplant candidates should be listed for transplantation, because long
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term outcomes in transplant recipients are still better than patients who have current

generation long-term LVADs in place (11).

PATIENT SELECTION

Optimal patient selection is critical to the success of LVAD implantation. While different

centers have adopted their own criteria for patient selection and eligibility for LVAD

placement, certain universal guidelines should be followed in most cases to ensure optimal

outcomes in this very fragile patient population. Table 2 indicates the patient

considerations necessary when selecting a patient for mechanical circulatory assistance.

Cardiac Considerations

Right ventricular dysfunction is often reported to be the primary cause of unsuccessful

placement of a LVAD (12,13). Chronic left heart failure leads to elevated pulmonary

vascular resistance, which can result in right ventricular decompensation. Although

placement of a LVAD often unloads the left ventricle and relieves pulmonary congestion,

acute decompensation can occur after device placement, which may lead to patient

demise. In the setting of elevated pulmonary pressures, patients should be considered for

biventricular support, or biventricular support should be available as a back-up in case

LVAD support fails. However, because concomitant placement of RVAD increases

mortality, considerable clinical judgment is required to determine which patients will

benefit from this therapy and which patients should avoid RVAD placement (14).

Patients with valvular disease require special consideration, as well. Many types of

valve pathology are circumvented by the LVAD circuit and have little effect on flows or

function of the device. However, in patients that have LVADs placed as bridge to

recovery, valvular pathology must be corrected at the time of device implantation so that

this pathology does not interfere with cardiac function after the device is removed. Aortic

stenosis and mitral regurgitation should affect device function very little, and are not

normally an issue in patients undergoing long-term LVAD implantation. However, aortic

insufficiency can present a significant challenge and may require valvuloplasty during

LVAD implantation to prevent regurgitant flow postoperatively. Mitral stenosis can

impede device filling and should be addressed at the time of device implantation to

optimize LVAD function. Patients with a mechanical aortic prosthesis should have this

valve changed to a bioprosthesis, or the mechanical prosthesis should be oversewn with a

patch to prevent thrombotic complications.

Coronary artery disease not amenable to surgical or medical therapy is a growing

indication for LVAD placement. However, even after the decision to place a LVAD has

Table 1 Most Common Indications for the Placement of a Long-Term LVAD for Use as a Bridge

to Transplantation or Destination Therapy

Acute decompensation of chronic heart failure

Myocarditis

Chronic heart failure

Ventricular arrhythmias

High-risk reparative cardiac operations (LVAD used as back-up)

Abbreviation: LVAD, left ventricular assist device.

Source: From Ref. 7.
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been made, every effort should be made to revascularize as much myocardium as possible.

This will serve two purposes for the patient. First, revascularization can minimize angina

and improve quality of life (9). In addition, patients undergoing LVAD implantation

still require adequate right ventricular function, so optimal revascularization of the right

coronary circulation should be performed whenever possible.

Non-cardiac Considerations

The function of non-cardiac organ systems is very important in determining outcomes

following LVAD insertion. The timing of device insertion can be a critical factor for the

health of these non-cardiac organ systems. Ideally, device insertion should be considered

prior to distant organ failure and dysfunction, so it is paramount to assess the preoperative

status of each organ system.

In many patients with acute cardiac arrest leading to the need for LVAD insertion,

the central nervous system can be damaged during the acute event or during resuscitative

efforts. Often, due to the patients overall health status prior to device insertion, it is difficult

to fully assess neurologic status prior to making the decision to proceed with LVAD

insertion. Therefore, neurologic evaluation should occur as often as possible to ensure that

the patient’s clinical status has not deteriorated beyond recovery. If, at any point after

LVAD insertion the patient is deemed to have sustained devastating neurologic damage,

withdrawal of LVAD support should be considered. Furthermore, detailed discussions

Table 2 Left Ventricular Assist Device Patient Selection

Transplant candidate (FDA criteria for LVAD insertion)

Hemodynamic variables

Cardiac index!2 L/min/m2

Systolic blood pressure!80 mm Hg

Pulmonary capillary wedge pressureO20 mm Hg

On maximized medical therapy

Cardiac consideration

Right ventricular function

Valvular disease

Ischemia

Intracardiac shunts (i.e., PFO)

Arrhythmias

Non-cardiac considerations

Neurologic function

Infectious diseases

Prothrombin timeO16 s

Urine output

Blood urea nitrogen

Bilirubin

Pulmonary disease

Patient preference

Technical considerations

Body surface area!1.5 m2

Prosthetic valves

Reoperation

Left ventricular thrombus

Abbreviation: LVAD, left ventricular assist device.

Source: From Ref. 9.
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with patients’ families regarding these issues should occur prior to LVAD insertion so that

family members are educated about the process and are not taken by surprise once a

patient’s neurologic status is determined to be unrecoverable.

Infection is one of the most common and devastating complications that patients

may develop following LVAD insertion, with as many as half of all LVAD recipients

reported to acquire some type of infection postoperatively (15,16). To complicate the

issue, controversy exists in the literature regarding specific risk factors for developing

postoperative LVAD-related infections (17–20). Given the consequences of post-insertion

infections, most clinicians agree that patients should have no evidence of active infection

for at least seven days prior to device insertion. Furthermore, after implantation, strict

surveillance and swift action are mandatory to prevent the devastating complications that

can occur after infection arises.

Renal dysfunction requiring dialysis is one of the strongest predictors of mortality in

patients undergoing LVAD insertion (9). Elevated blood urea nitrogen (BUN) O40 mg/dL

and depressed urine output !30 mL/hr despite the use of diuretics have both been shown to

be independent predictors of mortality in separate series (19,20). However, most patients

suffering from renal dysfunction following acute and chronic heart failure tend to recover

most function during the support period (21–23). Therefore, prompt insertion of left

ventricular mechanical support is warranted in patients with heart failure accompanied by

deteriorating renal function in order to salvage the kidneys and prevent increased risk of

death later in the course of the disease.

Hepatic dysfunction, as evidenced by elevated bilirubin levels and increased serum

coagulopathy (PTO16 sec), portends worse outcomes in LVAD recipients (9,24). Since

synthetic dysfunction in the form of coagulopathy has the greatest potential acute impact

following surgery, strict attention should be paid to this issue in the immediate

preoperative period. Prothrombin time should be corrected by the aggressive

administration of vitamin K and fresh frozen plasma in an effort to prevent significant

bleeding complications and right heart dysfunction in the early postoperative period.

Preoperative pulmonary function can also have a significant impact on outcomes

following LVAD insertion. Pulmonary edema should be expected to resolve after LVAD

insertion and unloading of the left ventricle. However, significant underlying pulmonary

disease such as chronic obstructive pulmonary disease (COPD) or other interstitial

processes are relative contraindications to LVAD insertion given the low likelihood that

patients will recover from these disorders after LVAD placement (9).

PATIENT MANAGEMENT

Preoperative Management

In order to ensure optimal patient outcomes following LVAD implantation, aggressive

efforts should be made to optimize the patient’s preoperative medical condition prior to

surgery. Cardiac function, especially right ventricular function, should be optimized using

diuretics, systemic and pulmonary vasodilation, and intra-aortic balloon counterpulsation,

when indicated. By increasing perfusion, these maneuvers may also improve the function

of other vital end-organs, such as the CNS, kidneys, and liver. Echocardiography should

be performed to determine the presence of intracardiac shunts, such as septal defects or

patent foramen ovales. These anatomic problems can cause significant postoperative

physiologic alterations if they are not corrected during LVAD insertion.
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Patients with known systemic infections must be adequately treated, with

appropriate laboratory and radiologic evidence of clearance of the infection prior to

insertion of mechanical ventricular assistance. Routine screening for bloodstream

infections, pneumonia, and urinary tract infections should occur prior to LVAD insertion

in all patients, regardless of a history of infection.

As mentioned previously, hemodialysis should commence, when necessary, to

support patients prior to LVAD insertion. In patients requiring dialysis, every effort should

be made to obtain optimal creatinine clearance immediately prior to LVAD insertion.

However, optimizing renal function without the need for dialysis is preferred, when

possible. This may include the use of diuretics, inotropic support, or placement of an

LVAD prior to the need for dialysis in the appropriate setting. In addition, any

coagulopathies should be corrected and monitored prior to LVAD insertion, as

previously discussed.

Strict attention should be paid to the patient’s preoperative pulmonary status. For

patients who are intubated, elevating the head to 458 accompanied by frequent suctioning

and turning of the patients can reduce secretions and prevent pulmonary infections

postoperatively. Patients who do not require mechanical ventilatory support should

undergo aggressive pulmonary toilet with incentive spirometry and flutter valves prior

to surgery.

Operative Technique

The technique for inserting LVADs has been well described in the literature (25–28). Each

device is slightly different, so the technique for their insertions may also vary. However,

the basic concept for device insertion is the same for most devices used as left ventricular

mechanical support. Although some devices may be implanted without the use of CPB,

most procedures require CPB for successful completion.

After sternotomy and careful exposure of the heart, the patient is prepared for the

institution of CPB. This can be accomplished with aorto–caval or femoral–femoral CPB,

depending on the clinical scenario. Once placed on bypass, a ventriculotomy is made at the

apex of the left ventricle. This is the site for insertion of the inflow cannula to the device.

Interrupted sutures are placed around the circumference of the ventriculotomy, and these

sutures are then passed through the sewing ring on the inflow cannula. Variations of this

technique exist, with some investigators choosing to secure the inflow cannula to the left

atrium, depending on the device being used.

Once the inflow cannula is secured, the outflow cannula is connected to the

ascending aorta using a running, polypropylene suture in an end-to-side anastomosis. Prior

to use, the device must undergo a series of de-airing maneuvers to ensure that air emboli

will not cause catastrophic events after insertion.

Some devices are partially implantable and others are external. For devices that are

implantable, a pocket must be created in the peritoneum, thorax, or pre-peritoneal space

to house the device after insertion. For these devices, the drive line is generally the only

external component. Paracorporeal devices that have most components external to the

patient require tunnels to be created so that the inflow and outflow cannulae can travel

from the device to their respective locations on the heart or great vessels. These devices

are generally more cumbersome and are fraught with higher infection rates due to the

amount of external components. However, they are also more versatile and can be used

for a wide range of clinical scenarios.
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Postoperative Management

Successful outcomes following LVAD insertion often depend on meticulous, aggressive

care in the immediate and short-term postoperative period. Patients often leave the

operating room coagulopathic, which can lead to significant bleeding complications in the

initial 24–48 hr after surgery. Anterior and posterior mediastinal drainage tubes, along

with bilateral chest tubes, can indicate the amount of bleeding that is occurring

postoperatively. However, these tubes can often become clotted, so meticulous drain care

is paramount for determining whether or not significant bleeding is ongoing. Many centers

have adopted a routine, planned second-look operation within 24 hr of device implantation

in order to monitor bleeding, evacuate clot, and inspect all anastomoses prior to final

closure of the sternotomy.

Early postoperative anticoagulation is required for most VADs. Typically, heparin

infusion is started within 24 hr in low doses and is slowly increased to a goal partial

thromboplastin ratio (PTTr) of 2–3. Antiplatelet agents are added after 48 hr and heparin is

transitioned to coumadin once patients have stabilized.

As previously discussed, right ventricular failure can seriously impact patient

outcomes after LVAD insertion. The most accurate predictor of right heart failure after

LVAD insertion is the amount of blood transfused, so achieving meticulous hemostasis

intraoperatively is essential (29,30). In addition, avoiding the right ventricle, septum, and

left anterior descending coronary artery during placement of the apical cannulation

stitches may help to prevent right ventricular dysfunction. Invasive pulmonary artery

catheter monitoring is used to continuously assess pulmonary artery pressures and right

ventricular function. If dysfunction of the right ventricle is suspected, emergent

echocardiography is indicated. If maneuvers to reduce pulmonary artery pressures and

improve right ventricular function fail (e.g., inhaled nitric oxide, intravenous inotropes,

and intravenous nitric oxide synthase agonists), then emergent placement of a RVAD

is indicated.

Following the resolution of any acute post-surgical issues, attempts should be made

to wean ventilatory support, optimize nutrition, and institute rehabilitation and physical

therapy as soon as possible. As always, strict infection surveillance and aggressive therapy

once infections are suspected can prevent serious complications that may hinder patients’

recovery. These procedures afford patients their best opportunities for good outcomes

following the insertion of mechanical ventricular assistance.

Weaning and Recovery

Certain devices are implanted with the idea that patients will recover sufficient native

myocardial performance to allow device removal. Laboratory and clinical studies have

shown that hearts supported with mechanical ventricular assistance have improvement in

histology, myocardial performance, and clinical function, even years after device removal

(31–34). Therefore, determining patients that may be candidates for device removal and

the appropriate timing for weaning mechanical ventricular support is an important part of

surgical practice in any center that routinely implants VADs. Recognizing patients that

may recover native myocardial function requires considerable clinical experience, but

patients with the best chance for recovery include those with postcardiotomy acute heart

failure, acute myocarditis, patients with a relatively short history of congestive heart

failure, and patients with acute graft failure following cardiac transplantation (35).

The first step to myocardial recovery after LVAD implantation is resuming optimal

medical therapy for congestive heart failure. These treatments include, b-blockers,
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angiotensin converting enzyme (ACE) inhibitors, diuretics, vitamin supplements, and

digoxin (35). Once patients recover from surgery, aggressive rehabilitation should

be instituted.

Patients usually require complete unloading of the left ventricle for 2–3 mo. During

this time, patients undergo weekly echocardiography studies to evaluate myocardial

functional improvement. These improvements can be determined by improvements in

ejection fraction and left ventricular end-diastolic dimensions. Once clinicians note

normalization of myocardial performance during maximal LVAD support, the pump is

slowly weaned by adjusting the rate and mode of the pump to increase the circulatory load

on the native heart. By changing pumps to a fill-to-empty mode or by increasing the

ejection delay in these pumps (decreasing the rate), the patients must rely more heavily on

his or her own cardiac function. Demonstration of near normal myocardial performance on

echocardiography during minimal LVAD support, coupled with normalization of mixed

venous oxygen saturation, cardiac index, mean arterial pressure, and decreases in atrial

pressures, are reasonable predictors of good outcomes following LVAD explantation (36).

Investigators are developing new strategies which may enhance myocardial

recovery over time. The use of stem cells to treat damaged and scarred myocardium

has shown great potential in clinical and laboratory studies (37–39). Recent reports of

combining stem cell treatment with LVAD implantation have demonstrated the ease and

feasibility of combining these two modalities (40).

Agents with b-adrenergic properties (e.g., clenbuterol) are also being tested for their

ability to induce myocardial hypertrophy, which may aid in recovery by allowing viable

areas of myocardium to compensate for areas that have sustained more damage.

Clenbuterol has shown promise in two separate studies which demonstrate enhanced

myocardial recovery after left ventricular unloading with mechanical assistance (41,42).

However, long term clinic follow-up will be needed before definitive conclusions can be

made regarding the efficacy of these treatments.

DEVICE SELECTION

Selection of the appropriate device to use in each individual patient’s situation requires

considerable clinical judgment. Very few studies have been performed which compare

outcomes of different devices for the same indication. Therefore, device availability,

clinician preference, cost, and patient preference all play roles in the selection of which

device to use in any given scenario. To complicate matters, many devices can be used for

multiple indications, and some devices can be used for short term or long term support,

depending on the clinical situation and the issues surrounding the patient’s need for

mechanical assistance. The following discussion will give an overview of individual

devices, their major strengths and weakness, and the most common indications for which

each are used.

BRIDGE TO RECOVERY DEVICES

ABIOMED BVS 5000w (ABIOMED, Danvers, Massachusetts, U.S.A.)

The ABIOMED BVS 5000w was approved by the FDA in 1992 as a bridge to recovery for

all types of recoverable heart failure. The device is an external, pulsatile VAD capable of

supporting either or both ventricles for a period of days to weeks. The device is a
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pneumatically driven, asynchronous, pulsatile, polycarbonate housed dual chamber pump

(Fig. 1). The “atrial” chamber acts as a reservoir and is passively filled by gravity. The

atrial chamber is separated from the “ventricular” chamber by a tri-leaflet valve. The

ventricular chamber contains an internal bladder comprised of flexible polyurethane which

holds a volume of approximately 100 mL. Surrounding this bladder is air, which is

displaced as the bladder fills with blood from the atrial chamber. Once the drive console

senses a displacement of 70 mL of air, indicating that the bladder is full, compressed air

is sent back into the chamber surrounding the bladder, forcing blood into the patient via

pneumatic pressure.

The entire pump and the console are paracorporeal. A single pump is able to support

one ventricle, and patients requiring biventricular support can have both pumps supported

by one external drive console. The pump is capable of delivering a maximal output of

6 L/min, at a constant stroke volume of 70–80 mL. The right sided inflow cannula is

placed in the mid-right atrium or at the ventricular free wall. The left sided inflow cannula

is either placed in the right superior pulmonary vein, left atrium, or the ventricular apex.

The advantage of left ventricular apical cannulation is that it allows complete

decompression of the left ventricle, making it advantageous for left ventricular recovery.

It is also desirable to have left ventricular apical inflow drainage in the presence of a

mechanical mitral prosthesis, since this positioning allows functioning of the leaflets and

avoids complications due to thrombus formation.

The ABIMOED BVS 5000 is easy to manage and operate after implantation. It

automatically adjusts its output based on the preload and afterload of the patient. The drive

console works on an alternating current and battery. In addition, a foot operated manual

pump is available in case of power failure or device malfunction.

The limitations of this device include limited mobility and restricted flow capability.

This limited flow capability can become problematic during situations requiring increased

flow such as fulminant infections and patients with large body mass indices. Furthermore,

the device requires full systemic anticoagulation. Because it is a paracorporeal device with

an extended amount of inflow and outflow tubing, systemic anticoagulation must be

Figure 1 The ABIOMED BVS 5000w. Source: Photo courtesy of ABIOMED, Danvers,

Massachusetts, U.S.A.
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closely monitored in order to avoid the complications of thromboembolism that plague

devices of this type.

In one retrospective review, the BVS 5000 was implanted in 47 patients as a bridge

to recovery (38 patients) or bridge to transplantation (9 patients) (43). Twenty-five patients

(66%) in the bridge-to-recovery group were weaned off of mechanical support, and 16

patients (42%) were ultimately discharged from the hospital. In the bridge-to-

transplantation group, one patient recovered myocardial function and one died while

awaiting transplantation. Seven patients (77%) underwent successful cardiac transplan-

tation with post-transplant survival of 66%. The device was used for left ventricular

support in 28%, biventricular support in 45%, and right ventricular support in 28%. Other

centers have reported similar, cost effective results with the ABIOMED BVS 5000, with

wean and discharge rates of approximately 60% and 40%, respectively (44,45).

ABIOMED AB 5000w (ABIOMED, Danvers, Massachusetts, U.S.A.)

The ABIOMED AB 5000 circulatory support system is the newer model from ABIOMED

(Fig. 2). This paracorporeal device contains a pneumatically driven ventricle which can

support either of the patient’s native ventricles. Placement of two AB 5000 devices can be

performed if biventricular support is required. Blood fills the bladder of the ventricle

(approximately 100 mL) with the assistance of vacuum technology, which augments

passive filling and improves the efficiency of the device. Once the bladder is full,

pneumatic pressure empties the bladder contents into the patient’s circulation to augment

cardiac function.

The AB 5000 was designed with the intention to allow patients easier freedom of

movement so that rehabilitation can take place during myocardial recovery. A single or

Figure 2 ABIOMED AB 5000w ventricle. Source: Photo courtesy of ABIOMED, Danvers,

Massachusetts, U.S.A.
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double device set-up can be driven by the same device console, which is lightweight and

can be used by patients to assist with ambulation. Like its predecessor, strict attention to

systemic anticoagulation must be paid in order to prevent thromboembolic complications.

This device is new to the market, so only anecdotal reports of its use are available.

However, the device seems to function well and patients have had good outcomes after its

limited use in the United States.

Centrifugal Pumps

Centrifugal pumps are the cheapest and most easily available assist devices for short term

support lasting hours to days. These devices work using rotating blades which propel

blood forward and draw blood in from the venous system. Alternatively, pumps can use

impellers and concentric cones with inflow and outflow connectors (46). They do not have

valves or multiple moving or occluding parts which, in theory, can reduce hemolysis. This

simple technology provides high flow rates with low pressure rises.

Centrifugal pumps are most commonly employed for short term use after post-

cardiotomy failure and failure to wean from CPB (Fig. 3). Other indications for use

include left heart bypass for thoracic aortic surgery, institution of ECMO, bridge to

transplantation, or bridge to another VAD if myocardial recovery is unlikely within a few

days. Various devices that are available for use in the United States include the Sarns

centrifugal pump (3-M Health Care, Ann Arbor, MI), the St. Jude Medical Lifestream

centrifugal pump (St. Jude Medical, Inc, Chelmsford, MA), the BioMedicus BioPump

(Medtronic BioMedicus, Inc., Eden Prairie, MN), and the Carmeda BioMedicus BioPump

(Medtronic BioMedicus, Inc., Eden Prairie, MN).

Systemic anticoagulation is necessary after device insertion and needs to be

monitored closely. These devices are usually easily managed by nurses in the cardiac

surgical intensive care units. However, care must be taken to secure the external cannulae

in order to avoid any movement of these tubes. The majority of the hemorrhagic complica-

tions encountered with centrifugal pumps result from movement of unsecured cannulae.

Criteria for removal of these pumps include recovery of myocardial performance,

return of hemodynamic stability, and overall improvement of whatever physiologic

process necessitated initial device placement. If after 96 hr the myocardium has not shown

significant signs of recovery, consideration should be given to instituting a longer term

Figure 3 (A) Sarns centrifugal pump. Source: Photo courtesy of 3-M Health Care, Ann Arbor,

Michigan, U.S.A. (B) BioMedicus BioPumpw. Source: Photo courtesy of Medtronic BioMedicus, Inc.,

Eden Prairie, Minnesota, U.S.A.
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cardiac assist device. Centrifugal pumps usually fail by breakage of the seal in the pump

head, which eventually causes fluid entry into the magnetic chamber (47).

Clinical experience has shown that these pumps are especially well suited for left

heart bypass and for short term support during post-cardiotomy left ventricular failure.

In one study, 62 patients were supported using centrifugal pumps after failure to wean

from CPB. Twenty-two patients required left ventricular support, 9 patients required right

ventricular support, and 31 patients required biventricular support. Forty-two patients

were weaned successfully and 27 patients were ultimately discharged home. Of these,

18 patients survived more than a year (48). Other studies have reported similar results for

short term support using centrifugal pumps, with over one half of patients being weaned

from support and 20%–40% discharged home (46,49–51).

Levitronix CentriMagw Blood Pumping System (Levitronix, Waltham,
Massachusetts, U.S.A.)

Levitronix has applied contact free, friction free technology to mechanical ventricular

support in order to prevent the complications of hemolysis and reduce some of the

complications of thromboembolism. The CentriMag ventricular assist system (VAS) is

a paracorporeal system that is implanted in similar fashion to other devices in this

category (Fig. 4). The inflow and outflow cannulae are connected in series to a small drive

console positioned at the patient’s bedside. This console contains a centrifugal pump that

uses an electromagnetic suspended impeller to propel blood through the circuit in a

manner similar to standard centrifugal pumps. However, because the technology uses

magnetic bearings, there is no contact between the bearings and other surfaces.

Theoretically, the magnetic levitation centrifugal pump eliminates moving parts

such as seals, bearings, valves, diaphragms, and sacs (bladders) which can cause

thrombotic complications, hemolytic complications, or which can fail over time. This

technology minimizes hemolysis and reduces the need for anticoagulation, although

low-dose anticoagulation may still be required for these patients. Furthermore, magnetic

levitation offers the ability to more precisely vary flows through the device at wider ranges

Figure 4 (A) Levitronix CentriMagw blood pumping system. (B) Internal schematic of magnetic

levitation technology that powers the centrifugal pump. Source: Photos courtesy of Levitronix,

Waltham, Massachusetts, U.S.A.
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of flows (up to 10 L/min). This can improve weaning off of the device and can offer better

support to patients requiring higher flows.

Currently, the CentriMag VAS is commercially available only in Europe, but is

undergoing investigational trials in the United States. One study of this technology in

standard CPB circuits of 11 patients undergoing CABG demonstrated no pump

dysfunction, minimal hemolysis, and no internal thrombus formation despite the use of

only low-dose heparin (52).

BRIDGE TO BRIDGE DEVICES

The development of short term devices and the advances that have been made in long-term

devices have enabled a new indication for mechanical assistance to emerge. In some

situations, adequate function fails to return to hearts supported temporarily by devices that

were implanted with the intention of bridge to recovery. Manufacturing strategies of these

short-term devices do not allow for their long-term use. In these situations, short-term

devices need to be replaced by devices that can support the failed myocardium for months

at a time.

This “bridge to bridge” role of short-term devices has enabled non-transplant

centers to become active in the acute management for heart failure. Most long-term

devices can only be placed and managed in centers capable of performing cardiac

transplantation. Unfortunately, patients suffering acute post-cardiotomy heart failure in

non-transplant centers had relatively few options, leaving them with very poor outcomes.

However, short-term mechanical assist devices such as the centrifugal pumps and the

BVS 5000 are relatively easy to implant and are quite portable. This allows cardiac

surgeons at non-transplant centers the ability to place these devices into patients with

failing hearts so that they can be transferred to transplant centers for definitive

management (46,53). This definitive management may include support until the

myocardium recovers, transplantation, or placement of long-term mechanical assistance

as a bridge to transplantation or as destination therapy. Regardless of the ultimate

therapy, these short-term devices provide clinicians with flexibility while trying to

manage very complex medical issues.

BRIDGE TO TRANSPLANT AND DESTINATION THERAPY

Like short-term devices, mechanical circulatory support designed for long-term use has

interchangeable indications. As previously mentioned, the REMATCH trial demonstrated

that patients who do not qualify for heart transplantation can still benefit from the long-

term mechanical assistance used in patients awaiting heart transplantation (8). To that end,

manufacturers no longer simply target patients awaiting heart transplant when they are

designing new LVAD technology. Instead, designers are now creating devices that can be

comfortably used by patients awaiting transplantation or as destination therapy. Because

of these design considerations, devices are becoming smaller, more manageable, and more

easily implantable. Older generation devices still have a place in the management of

certain patients with heart failure, but these newer devices hope to change the landscape of

heart failure treatment permanently.
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First Generation Devices

Thoratecw VAD (Thoratec Corporation, Pleasanton, California, U.S.A.)

The Thoratecw VAD is a paracorporeal device that was first used clinically in 1982 for

post-cardiotomy failure (Fig. 5). By 1996, the FDA had approved this device for use as a

bridge to cardiac transplantation and as a bridge to recovery. The Thoratec VAD remains

the only device on the market that is approved for these dual uses, and its paracorporeal

design make it available for use in patients of all sizes.

The VAD pumps are pneumatically driven, prosthetic ventricles consisting of a

smooth, seamless pumping chamber enclosed in a rigid polysulfone case. The blood sac

contains a surface modifying additive which is thrombo-resistant, improves blood and

tissue compatibility, and maintains long-term in vivo stability. Two mechanical tilting disc

valves maintain unidirectional flow through the blood pump. A sensor detects when the

VAD is full of blood and automatically signals the console to eject blood (z65 mL) from

the pump at a rate of 20 to 110 beats per minute, for a total output of 1.3 to 7.2 L/min.

Alternatively, the device can be set at a fixed rate or synchronous to the EKG, depending

on physician preference and the clinical scenario.

Inflow and outflow cannulae are composed of Dacron and are coated with a

thrombo-resistant coating to help prevent thrombo-embolic complications. The dual drive

console offers two independent drive modules for left and right ventricular support. The

drive line works via alternating pulses of vacuum and pressure to fill and empty the VAD,

which provides pulsatile flow to the patient.

The device is cumbersome and is limited by the need for strict anti-coagulation. The

console is quite large and limits patient mobility, forcing patients to stay in the hospital

until a donor heart can become available.

To date more than 2500 patients have undergone Thoratec VAD implantation for

left, right, and biventricular support. The device has been found to be especially useful as a

bridge to transplantation in patients who require biventricular support (54). In an analysis

Figure 5 Thoratecw VAD. Source: Photo courtesy of Thoratec Corporation, Pleasanton,

California, U.S.A.
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of 828 bridge to transplant patients, the Thoratec VAD was used for biventricular support

in 472 cases, left ventricular support in 326 cases, and right ventricular support in 30 cases

(up to 515 days of support) (54). Sixty percent of the 828 patients underwent transplantation,

and the post-transplant survival rate was 86%. In the 195 patients who needed post-

cardiotomy support, the device was used for up to 80 days until myocardial recovery. Thirty-

eight percent of patients were weaned from the device, and 59% of patient who were weaned

were ultimately discharged from the hospital. Forty-nine post-cardiotomy patients were

considered for transplantation; of these, 32 received a transplant and 23 were discharged.

Other groups have reported transplant rates of over 60%–70%, with post-transplant survival

of 90% after bridging with the Thoratec VAD. These results indicate the enormous success

this device has had in bridging patients to transplantation and allowing for meaningful

survival after transplantation (55,56).

HeartMatew LVAD (Thoratec Corporation, Pleasanton, California, U.S.A.)

The HeartMatew IP LVAD was originally designed in 1975 to be an implantable, pulsatile,

pneumatically actuated (IP), intracorporeal device (57). The device was first implanted in

1986, and in 1994 it received FDA approval as the first commercially available LVAS to

be used as a bridge to transplantation.

The HeartMate IP LVAD is a pneumatically driven unit that is manufactured from

sintered titanium and houses a flexible, textured, polyurethane diaphragm (Fig. 6). The

console controls a pusher plate mechanism which compresses air, causing blood to flow

into the aorta via the outflow cannula. The inflow and outflow cannulae utilize porcine

xenograft valves (Medtronic-Hancock, Minneapolis, MN) to ensure unidirectional flow

through the device. The HeartMate IP is able to generate a maximum stroke volume of

approximately 85 mL with a maximum output of up to 11 L/min.

Figure 6 HeartMatew LVAD. Source: Photos courtesy of Thoratec Corporation, Pleasanton,

California, U.S.A.
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The blood contacting portion of the HeartMate IP, unlike other devices, is made

of textured titanium which incorporates titanium microspheres, and a polyurethane

diaphragm that is specially treated with textured polyurethane. These materials encourage

deposition of a fibrin-collagen matrix, forming a pseudo-intimal layer. This, in turn,

reduces the device’s thrombogenicity and the amount of anticoagulation that is required.

Because the device is implantable, patients must have a body surface area of at least

1.5 m2 in order to be candidates for HeartMate IP implantation. The pump is connected to

the left ventricle and aorta in standard fashion, and a pre–peritoneal or intra-peritoneal

pocket is then created which houses the device. The only external component is the drive

line, which connects to a console that drives the unit. The console can be programmed

in either a fixed mode, which delivers a pre–set amount of output at a predetermined rate,

or auto mode, which pumps at a responsive rate determined by the hemodynamic require-

ments of the patient.

The major drawback of the HeartMate IP LVAD is the large, cumbersome console

that drives the device. This led to the development of an electrically vented HeartMate VE in

1991, which has a much smaller console and affords patients considerably more mobility

(58). This device received FDA approval in 1998 for use as a bridge to transplantation.

Subsequently, Thoratec Corporation expanded upon the HeartMate VE concept to create

the HeartMate XVE LVAS, which contains a new inflow valve conduit that has much longer

durability than previous models. This latest device received FDA approval as a bridge to

transplant in 2002. In April of 2003, the HeartMate XVE LVAS received FDA approval to

be used for destination therapy. The HeartMate XVE’s miniaturized, wearable components

include the system controller (worn on the patient’s belt) and two rechargeable batteries

which provide about 6 hr of mobile patient support. This compact system allows patients to

return to an active, productive lifestyle while on the device.

Presently, more than 1300 patients have undergone implantation with the HeartMate

IP LVAS, while close to 2500 have had the HeartMate VE LVAS implanted. Experience

in 95 patients from Columbia University receiving a total of 100 devices over a 7 yr period

demonstrated a survival rate of 75% and a transplantation rate of 70%. The mean duration

of support during this period was 108 days (59,60).

Figure 7 Novacorw LVAS. Source: Photos courtesy of World Heart Corporation, Oakland,

California, U.S.A.
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Novacorw LVAS (World Heart Corporation, Oakland, California, U.S.A.)

The Novacorw LVAS was first tested as a bridge to transplantation in 1984. The device

was originally designed as a totally implantable system, developed in collaboration with

Stanford University. Over the years it has evolved into a console based VAD.

This device is an abdominally implanted, electromagnetically driven pump (Fig. 7).

The ventricle is a seamless, ultra-smooth, polyurethane pump sac that incorporates dual

pusher plates to drive the pump output. The polyester inflow and outflow cannulae each

contain a porcine valve to maintain unidirectional flow. The pump itself uses a high

efficiency linear motor with a pulsed solenoid energy converter, so it requires no gears,

cams, or intermediate hydraulic conversion, which ensures an extremely low mechanical

failure rate. This pump can provide a stroke volume of approximately 70 mL.

The system contains an external controller that is connected to the implanted pump

by a percutaneous lead. The controller and two rechargeable power packs (with 6 hr of

work life apiece) may be worn on a belt or carried in a shoulder bag, vest, or back pack for

ease of movement. The system is completely self-regulating, automatically adjusting its

beat rate and stroke volume in response to the recipient’s changing circulatory

requirements. Patients using the Novacor LVAS do require strict monitoring of

anticoagulation. The main mode of mechanical failure of this device is from wear-out

of the energy converter, but this usually can be detected at least 3 mo in advance of the

failure (61).

The Novacor LVAS has been successfully used in over 1600 patients over the past two

decades as a bridge to cardiac transplantation. In one report of an institutional experience with

this device, 53 patients with a mean support time of 56 days (range of 1 to 374) underwent

device implantation. Sixty-six percent of the supported patients were successfully bridged to

cardiac transplantation (62). Another recent study demonstrated that Novacor reliability at

2 yr (98.3%) exceeded the HeartMate VE at 2 mo (93.5%). The Novacor durability at 3 yr was

85.9%, with 78% surviving to transplantation in this series (63). The majority of the

complications related to thromboembolism occur within the first 3 mo (64).

To date, 152 patients undergoing device implantation as a bridge to transplant have

been supported for more than 1 yr, 42 patients have been supported for more than 2 yr, 22

patients for more than 3 yr, and 7 for more than 4 yr. This is the first device reported to

support a patient for more than 6 yr. Only 1.4% of the pumps have needed replacement due

to mechanical failure.

In 2004, the FDA approved the RELIANT trial (Randomized Evaluation of the

Novacor LVAS in A Non-Transplant population) to evaluate the use of this device as

destination therapy. The conditional approval permits immediate enrollment of up to 40

centers and up to 50 patients in the United States. Total enrollment is expected to be at

least 225 patients.

Second Generation Devices

DeBakey VADw (MicroMed Technology, Inc., Houston, Texas, U.S.A.)

The DeBakey VADw is an axial flow system that was developed as a result of

collaboration between Baylor College of Medicine and Johnson Space Research, NASA

(47). The device is a small, hermetically sealed, titanium flow tube that is 30 mm in

diameter, 76 mm in length, with a weight of 95 g. Because of its small size, the DeBakey

VAD can be implanted in smaller adult patients and in children, which is an improvement

upon first generation implantable devices (Fig. 8).
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Within the titanium flow tube is one moving part, a titanium inducer/impeller that

spins at 7500 to 12,500 rpm and is powered by eight magnets that are hermetically sealed

in each blade (Fig. 9). This system is capable of generating flows in excess of 10 L/min.

The flow generated is non-pulsatile, and laboratory indices have shown that the device

causes no significant hemolysis or changes in plasma free hemoglobin.

The pump is attached to a titanium inlet cannula that is placed into the left ventricle.

The outflow cannula connects to a graft that can be anastomosed to the ascending or

descending aorta. The pump is driven by a brushless, direct current motor that is contained

in the stator housing. This motor is powered by a percutaneous cable that connects to an

Figure 8 DeBakey VADw. Source: Photo courtesy of MicroMed Technology, Inc., Houston,

Texas, U.S.A.
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Figure 9 Schematic of DeBakey VADw axial flow system technology.
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external power supply and control console. The device does require systemic

anticoagulation, with a goal INR of 2.0–2.5.

In early 2005, the DeBakey VAD was implanted in the 300th patient to receive

this device. A report of 150 patients who underwent placement of the DeBakey VAD as a

bridge to transplantation demonstrated that 82 patients (55%) were either successfully

bridged to transplantation, recovered, or continue to be supported by this device (65).

Sixty-eight patients (45%) in this series died. In the United States, the FDA has recently

approved the DELTA trial (Destination Evaluation Long-Term Assist) (66). DELTA is a

randomized control trial to evaluate the DeBakey VAD and the HeartMate XVE in a

patient randomization scheme of 2:1. The current enrollment goal is 360 patients, with

plans to perform an interim patient review after 152 patient implants.

Jarvik 2000w (Jarvik Heart, Inc., New York, New York, U.S.A.)

The Jarvik 2000w is a titanium based rotor pump (axial flow technology) that is 25 mm in

diameter, 51 mm in length, and weighs 90 g (Fig. 10). It is implanted in the apico-aortic

position with the pump being inserted in the left ventricular cavity and the outflow cannula

anastomosed to the descending aorta (50). This affords the advantage of being able to

implant the device through a left thoracotomy without the need for a sternotomy.

The Jarvik 2000 works in much the same way as the DeBakey pump (51). Although

incredibly small, the rotary pump is capable of augmenting the native cardiac function to

produce flows of 7 L/min at 8000 to 12,000 rpm. This pump also has the advantage of

adjusting the flow rate manually in times of increased activity. Patients using the Jarvik

2000 require systemic anticoagulation, and the system is powered by a small external

battery pack that connects to the device through a percutaneous cable.

The device is currently approved in the United States and Europe for use as a bridge

to transplantation. However, in 2005 the European Union gave its approval to use the

Jarvik 2000 as destination therapy. Plans are underway to begin trials in the United States

for destination therapy, as well. Over 100 patients have received this device to date, with

dozens of patients being maintained for 3 yr or longer. One series of 35 patients who

Figure 10 Jarvik 2000w. Source: Photo courtesy of Jarvik Heart, Inc., New York, New York,

U.S.A.
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received the device demonstrated an average support period of 67 days. Eighteen patients

in this series underwent successful transplantation, and 12 patients died during the support

period (53).

HeartMate IIw (Thoratec Corporation, Pleasanton, California, U.S.A.)

The HeartMate IIw is the next generation, axial flow device in the HeartMate family of

mechanical ventricular assistance (Fig. 11). Like other pumps in this class, it is quite small,

with a diameter of 40 mm, a length of 70 mm, and a weight of 176 g (67). The pumping

mechanism is similar to the DeBakey VAD and the Jarvik 2000. Using this same axial flow

technology, it is able to achieve a flow rate of up to 10 L/min at speeds between 6000 and

13,000 rpm.

The inflow cannula inserts in the left ventricular apex, with the outflow cannula

anastomosed to the ascending aorta. The pump itself is placed in the pre–peritoneal space.

A percutaneous cable connects the device to a portable controller and battery pack. The

controller allows the system to operate in manual or auto modes.

The HeartMate II was designed for use as destination therapy, which affords patients

the opportunity to use the device as a bridge to transplantation, as well. The first human

implant of the HeartMate II took place in 2000 (68). Currently, clinical trials of this device

are underway in Europe and the United States. In May 2003, Thoratec received conditional

approval from the FDA for a pilot study in the United States. This study will enroll up to 25

patients at 10 centers and is for bridge-to-transplant patients only. A multi-center trial in

Europe is currently evaluating the use of the HeartMate II as destination therapy for end-

stage heart failure. To date 21 patients in the US and 6 patients in Europe have received

the device.

DEVICES IN DEVELOPMENT (THIRD GENERATION DEVICES)

HeartMate IIIw (Thoratec Corporation, Pleasanton, California, U.S.A.)

The HeartMate IIIw is currently being developed as a 3rd generation HeartMate device.

This system is an implantable miniature centrifugal LVAD that features a magnetically

Figure 11 HeartMate IIw. Source: Photo courtesy of Thoratec Corporation, Pleasanton,

California, U.S.A.
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levitated, bearingless motor designed to provide extended life to the device. The pump

also contains the same textured surface as the HeartMate XVE LVAS, which encourages

the formation of a tissue layer within the LVAD to minimize thromboembolic

complications and reduce the need for anticoagulation.

Novacor IIw (World Heart Corporation, Oakland, California, U.S.A.)

World Heart Corporation is expanding on its design of the Novacor LVAS to create a

totally implantable device without external drive lines or percutaneous power lines. The

Novacor IIw, currently under development, utilizes similar pump technology to the

Novacor LVAS. However, this device also contains a Transcutaneous Energy

Transmission System (TETS) which utilizes electromagnetic energy to power the system.

A receiver is embedded subcutaneously with a wire that connects the receiver to the

device. An external power source placed over the subcutaneous receiver can then

inductively transmit power transcutaneously to the device. This promises to eliminate

many of the infectious complications related to mechanical assist devices because there

will be no percutaneous components.

CorAidew (Arrow International, Reading, Pennsylvania, U.S.A.)

The CorAidew LVAS was originally developed at the Cleveland Clinic. It is a small,

continuous flow, centrifugal pump that has a magnetically levitated rotor. The device is

small, weighing 293 g, and can generate blood flow up to 6 L/min. Clinical trials are

underway in Europe to test this device. To date 5 patients have received the device with

good results.

HeartQuestw (World Heart Corporation, Oakland, California, U.S.A.)

The HeartQuestw was originally designed by MedQuest Products, Inc., which was

awarded a 4 yr NIH contract for developing the device. World Heart Corporation has taken

over the design and production of this system, which is an abdominally implantable

centrifugal device with magnetic levitation technology. The original configuration calls

for a percutaneous lead to connect the device to an external controller and power pack.

However, plans are underway to add TETS technology to this device, making it

completely implantable. The physiologic control system is currently under development,

and plans are underway for feasibility trials to begin in 2006.

OUTCOMES

Outcomes using mechanical ventricular assistance continue to improve with advances in

technology. A large series that studied a combined registry of VAD patients receiving

support as a bridge to recovery demonstrated acceptable results. In 965 patients who

underwent device implantation, 433 (45%) were able to be weaned off of support, and 237

(25%) were ultimately discharged home. Of the patients who were discharged, the 2 yr

actuarial survival was 82%.

The most significant report of outcomes in patients receiving LVAD support

came with the REMATCH trial (8). This trial randomized patients with end-stage CHF

who were not transplant candidates to receive either left VAD therapy (HeartMate
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LVAD) or maximal medical therapy. One hundred twenty nine patients were

randomized. At 1 yr, the mortality rate was 48% lower in the LVAD group than the

medical therapy group. At 2 yr, nearly all patients in the medical therapy group had

died, although 23% of the LVAD patients were still alive. While this landmark study

demonstrated tremendous survival benefit and improved quality of life in patients

receiving mechanical ventricular assistance, these results did not come without

complications. Forty one percent of the LVAD patients ultimately died of sepsis and

17% died from device failure.

Realizing the limitations of early model devices in clinical use, investigators have

begun to evaluate the newer device technology. In a multi-institution study of 42 patients

receiving the HeartMate XVE LVAS for destination therapy, investigators compared

outcomes in this group to the group of patients that underwent HeartMate implantation

during the REMATCH study (69). XVE patients demonstrated a 40% lower mortality rate

than REMACTH patients at 1 yr, with death rates due to sepsis being 8.3 times lower in the

XVE group. These results demonstrate that improvements in technology continue to lead

to improvements in outcomes. However, with a 1 yr survival of 61%, there is clearly more

room for improvement.

Most 1st generation devices currently in use as bridges to transplantation are able to

support approximately 70% of patients until successful transplantation can be performed.

Survival after transplantation in this group often exceeds 85%, and studies have shown

that patients receiving LVADs as a bridge to transplantation have better post-transplant

outcomes than patients treated with maximal medical therapy prior to transplantation (70).

More importantly, studies have shown that this group of patients reports significant

improvements in quality of life after device implantation prior to transplantation,

indicating the positive effects that LVAD therapy has not only on longevity, but also on

quality of life (71,72).

Bleeding is the most common complication in the immediate postoperative period

after device implantation, with a reported incidence as high as 50% (56). Technical

factors that lead to this complication include the creation of large pockets for device

placement, device related leakage from connectors and conduits, and leakage from

cannulation sites. Other factors responsible for bleeding include coagulopathy due to

liver failure, prior anti-platelet and anti-thrombotic treatment, and CPB related platelet

consumption. The management involves meticulous hemostasis, a low threshold for re-

exploration, and judicious use of blood products and clotting factors in the early

postoperative period.

As previously stated, thromboembolic complications continue to plague recipients

of mechanical ventricular assistance. However, improvements in device components and

anticoagulation management have improved the incidence of stroke in LVAD patients. In

the REMATCH trial, 16% of LVAD patients suffered a stroke, which was significantly

more than the 4 patients in the medical group who suffered this complication (73).

However, patients in the LVAD group still had a 44% reduction in major complications or

death compared to the medically managed group.

Infectious complications also lead to significant morbidity and mortality in LVAD

patients (8). Studies demonstrate that 20%–60% of patients receiving LVADs will suffer

infectious complications depending on which device is used (74,75). The majority of these

infections occur on the drive line, although LVAD pocket infections and infections of the

device itself leading to sepsis are also significant contributors to this complication (74–76).

Completely implantable devices will be required to significantly reduce this complication,

but strict surveillance and prompt action to treat the infection can certainly

reduce morbidity.
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THE FUTURE OF VENTRICULAR ASSIST DEVICES

As technology improves and devices become more reliable, ventricular assistance will

become a bigger part of the treatment for end-stage congestive heart failure. The next step

in design and development of these devices involves the implementation of a totally

implantable system that uses TETS technology to help avoid the infectious complications

that result from having percutaneous device components. In addition, better design of the

internal components of these devices should lead to the development of systems that do

not require anticoagulation, which will dramatically improve the quality of life that these

patients already enjoy.

A new (and old) frontier of mechanical ventricular assistance also lies in the

development and use of total artificial hearts (TAH), which can replace the function of the

failing heart and totally support patients until transplantation. Current TAH systems under

investigation and development include the CardioWest TAH (SynCardia Systems, Inc.,

Tucson, AZ); AbioCor TAH (ABIOMED, Danvers, MA); Jarvik-7 TAH (Jarvik Heart,

Inc., New York, NY); and the VentrAssist TAH (Ventracor Limited, Chatswood, NSW,

Australia). While these systems can certainly be used as bridges to transplantation, the

ultimate goal for their use lies in destination therapy, which will offer thousands of heart

failure patients the opportunity to thrive when donor hearts would otherwise

be unavailable.

As technology continues to improve, more and more patients will enjoy the benefits

of mechanical ventricular assistance for end-stage CHF. However, given the current

prevalence of device related complications, such as thromboembolism, bleeding, and

infection, considerable work still needs to be accomplished in developing devices that are

universally safe and applicable to a wide range of patients.
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BACKGROUND

The AbioCore Total Implantable Replacement Heart (Fig. 1) has been developed by

ABIOMED, Inc. (Danvers, Massachusetts, U.S.A.) over the past twenty years. Initial

preclinical trials were conducted at the Texas Heart Institute under the direction

Dr. O. H. Frazier (1). Additional work at the University of Louisville involving the

implantation of all components of the device demonstrated consistent survival in the

bovine model. Approval for a multi-center trial for the use of the AbioCor in humans was

granted by the FDA in early 2001 (2). On July 2, 2001, the device was implanted for the

first time in Robert Tools. This marked the first time that a total implantable system had

been used in a human to provide complete support for the circulation.

DEVICE DESCRIPTION

The AbioCor Implantable Replacement Heart has both internal and external components

(Fig. 2). It does not require percutaneous lines or the need for any percutaneous access to

run or control the device. The internal components consist of the thoracic unit, battery,

controller, and transcutaneous energy transfer (TET) coil. The thoracic unit is placed in the

orthotopic position after excluding the native ventricles. The thoracic unit consists of an

energy converter and two pumping chambers that function as a right and left ventricle. The

energy converter is situated between the two ventricles and contains a high-efficiency

miniature centrifical pump that rotates between 6000–8000 RPMs (Fig. 3). The motor

speed of this pump can be varied to account for the different resistances in the systemic and

pulmonary vascular systems and the systolic ejection duration. A two-position switching

valve is used to alternate the direction of the hydraulic flow between the left and right

pumping chambers, thus resulting in alternate left and right systole. The rate of the

switching valve determines the beat rate of the device and can vary between 75 and 150

beats per minute, resulting in a range of flows from 4–8 L/min. There is a 1–1

correspondence between blood and hydraulic fluid displacement. Displacement of

hydraulic fluid to one side results in the creation of a negative pressure in the opposite

459



ventricle, thus the device is considered an active fill device. An atrial balance chamber is

present and allows for decreased right-sided stroke volumes to maintain right and left fluid

balance (3,4). A portion of the hydraulic fluid is shunted into a balance chamber, which is

associated with the left atrium, allowing displacement of the hydraulic fluid rather than

into the right pumping chamber. The amount of fluid that is shunted into the balance

chamber can be adjusted manually or automatically on the basis of relative left and right

filling pressures. All blood-containing surfaces of the AbioCor thoracic unit, including the

Figure 1 AbioCore total implantable replacement heart. Source: Photo courtesy of

ABIOMED, Inc., Danvers, Massachusetts, U.S.A.

Figure 2 Internal components of the AbioCore total implantable replacement heart.

Source: Photo courtesy of ABIOMED, Inc., Danvers, Massachusetts, U.S.A.
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tri-leaflet valves (20 mm internal diameter) are made of polyurethane (angioflex),

resulting in a smooth, continuous blood contacting surface from the inflow to the

outflow grafts.

The internal battery is lithium ion-based and is able to energize the thoracic unit for

approximately 20 min. The internal controller drives the energy converter in the thoracic

unit, monitors the implant components and transmits device performance data to the

bedside by means of radio frequency telemetry. The radio frequency transmissions from

the internal controller to the external controller convey information including continuous

real-time telemetry, hydraulic wave forms, systemic operating parameters, battery status,

component temperatures, and alarm information. This information is in real-time and is

stored for later retrieval and analysis. The internal TET coil receives high-frequency

power that is transmitted across the skin from the external TET coil. The internal TET

system electronically converts this oscillating current into direct current that is used to

power the thoracic unit and recharge the internal battery.

The external components consist of an external TET coil, a TET module, a bedside

console, and batteries. The external TET coil transfers energy across the skin to the

internal coil and is secured over the internal TET coil with an adhesive dressing. The

external TET coil can be connected to either the bedside console or a portable TET

module. The bedside console is used during implantation, recovery, and when the patient

is in his primary residence. The bedside console provides clinicians with a graphic user

interface for control and monitoring of the implant system through RF communication in

real time. The console can be remotely monitored through the internet. A rechargeable

battery in the console allows it to be disconnected from AC power for brief periods of time

without discharging the patient’s internal battery. When the patient is ambulatory, the

external TET coil is connected to a portable TET module (Fig. 4). This module delivers

energy to the TET from external batteries and contains basic alarms that are activated if

there is a misalignment of the TET coil, low external battery voltage, or general alarm

indicating a potential problem with the system. The external batteries are lithium-based

and are able to provide up to one hour of support per pound of battery. The external

batteries can be carried in a vest or a handbag or attached to a Velcrow belt.

PREOPERATIVE CONSIDERATIONS

Since the AbioCor Total Artificial Replacement Device is large, it is extremely important

to ensure that the device will fit within the chest cavity. A computer software program

Figure 3 Energy converter and right and left pumping chambers.
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allows for the virtual surgical implantation of the AbioCor thoracic unit. All potential

candidates undergo a computerized tomography scan of the chest. The virtual surgery

program (AbioFitw) is then performed. The native ventricles are then “removed” and the

thoracic unit is implanted as would be performed in an operation. This virtual model is

designed to determine whether the AbioCor can be positioned in the chest without

impinging vital structures, such as the superior or inferior vena cava or pulmonary veins.

Since the device fits mostly within the left lower chest cavity, the left lower lobe bronchus

can be compromised leading to atelectolesis in the left lower lobe. AbioFit is used by the

surgical team to assist in determining whether the artificial heart will have a high degree of

certainty of fitting within the chest cavity without obstructing vital structures before the

actual operative surgery.

Anatomical fit studies of the total artificial heart demonstrate that one of the most

critical dimensions is the distance between the pulmonary bifurcation and the level of the

diaphragm. If this distance is too short, then there may be compression of the left

pulmonary veins. At the time of surgery, one way to assess compression of the pulmonary

veins is through the use of a transesophogeal echocardiogram (5). The pulmonary vein

velocity can be easily obtained. If the pulmonary vein blood flow velocities are greater

than 60–100 mL/s, there is some obstruction to the inflow to the left side of the heart and

the AbioCor must be repositioned. Despite the use of AbioFit, in one case the chest was

difficult to close because of obstruction to the left pulmonary veins. This was remedied by

placing a large Gortex patch in the central tendon of the diaphragm. This allowed the

AbioCor device to be displaced into the abdomen, reducing the pulmonary vein

obstruction and allowing the chest to be closed.

OPERATIVE TECHNIQUE

A median sternotomy incision is performed and extended halfway to the umblicus. The

sternum is opened with a sternal saw. A pocket is then formed beneath both the right and

Figure 4 Ambulatory power supply and controller.
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left costal margins for the battery and controller. In addition, a pocket is formed beneath

the right or left clavicle. The TETs coil is placed in this pocket and the lead tunneled to the

controller. After hepranization, a standard arch cannula is inserted high up in the aortic

arch. A right angle catheter is then inserted into the SVC and tapes placed around the SVC

and IVC. Simultaneously, another incision is made over the groin and dissection is carried

down to the femoral vein. A long femoral vena cannula is then placed in the femoral vein

and, with transesophogeal guidance, positioned just below the right atrium.

The patient is placed on cardiopulmonary bypass, tapes are tightened around the

SVC and IVC, and the aorta is cross-clamped. The right and left ventricles are then

removed at the site of the atrial ventricular groove, leaving the mitral and tricuspid veins

intact. The mitral and tricuspid valve leaflets are fully excised. The left atrial appendage is

ligated; the coronary sinus is over sewn with 4-0 Prolenew and the patent foramen ovalve

(PFO) over sewn if present. The left atrial cuff is then trimmed to the appropriate size and

sewn to the native left annulus, using a running 4-0 prolene suture which is reinforced with

Teflonw felt. A second layer of 4-0 prolene is used to reinforce the anastomosis. Similarly,

the right atrial cuff is trimmed in place and sewn to the tricuspid annulus with a running 4-0

prolene suture reinforced by Teflon felt strips. The two reinforced suture layers are

designed to prevent both bleeding and the entrapment of air. A Mylarw transducer is then

placed in the left atrium through the right superior vein and let out below the main incision.

Both the right and left atrial suture lines are checked for any bleeding by injecting saline

into the respective atrium.

An AbioCor dummy heart is then placed in the chest cavity and attached to the left

and right atrial cuffs. This allows for the determination of the length and orientation of the

right and left outflow grafts. These grafts are cut to appropriate lengths; the dummy is

removed from the chest cavity and the outflow grafts are sewn to the pulmonary artery and

aorta with running 4-0 prolene sutures, which are again reinforced with Teflon strips.

These two suture lines are tested for hemostasis. The AbioCor thoracic unit is connected to

the left atrium, aorta, and pulmonary artery (Fig. 5). Saline is then injected through the

right inflow valve of the thoracic unit to remove air from the right ventricle. The tape is

removed from the inferior vena cava and the right atrium is connected to the AbioCor right

ventricle, removing as much air as possible.

The second caval tape is removed from the SVC and the cannula removed from the

SVC. The primary reason for having the femoral venus cannula is to allow weaning from

the cardiopulmonary bypass without allowing any air into the device when the cannula is

removed. The thoracic unit is then connected to the internal controller which, in turn, is

hard wire connected to the external console. The external console is used to control the

AbioCor Implantable Replacement Heart during the weaning process. There are large de-

airing ports on the outflow grafts to the pulmonary artery and to the aorta. These are

initially left unclamped to allow egress of any air in the device as the pump is started

(Fig. 6). Once the right side of the heart is de-aired, a clamp is placed over the de-airing

port on the pulmonary outflow graft. Blood is forced through the lungs and into the left

atrium and through the left ventricle. During this time, the aortic outflow graft remains

totally clamped and all the blood is exiting the de-airing port. After the left side of the

device has been completely de-aired, the de-airing port is clamped at the same time the

cross clamp is removed from the aorta. The patient is weaned from cardiopulmonary

bypass over a one to two minute period of time. During this time, there is continuous

monitoring of the right and left atrial pressures and systemic pressure. Any imbalance

between the left and right filling pressures is corrected by making appropriate adjustments

to the atrial balance chamber. If the right filling pressures are low, this is treated by a

volume infusion. If the pressures are high, the beat rate of the AbioCor device is decreased.
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After hemostasis is assured, the patient is decannulated and protamine is

administered.

A sterile external TETs secondary coil is then placed and the internal battery

connected. The external console continues to control the heart through RF telemetry. The

chest is then temporarily closed. It is extremely important to measure the flows in the

pulmonary veins using a transesophogeal cardiogram. If the flows are too high, indicating

stenosis of the pulmonary vein, then the device is repositioned. Once a satisfactory

position of the device is assured, chest tubes are placed and the chest closed in a routine

fashion (6).

CLINICAL TRIAL

The AbioCor Implantable Replacement Heart clinical trial is designed to assess the

device’s use as destination therapy, although, future uses could include bridge to

transplant (7). The purpose of this study is to extend an acceptable quality of life for heart

failure patients who are at immediate risk of death with no alternative therapy (Fig. 7).

Patients who can benefit from AbioCor support are those patients with idiopathic or

Figure 5 Right and left atrial cuffs and outflow grafts have been sewn into place. Source: From

Ref. 6.
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ischemic cardiomyopathy who are in biventricular failure (Table 1). The trial includes

patients who have had heart transplant rejection, severe but reversible liver or renal failure,

reversible chronic pulmonary disease, or severe arrhythmias which cannot be treated

medically. Common pre-operative conditions include bed-bound patients at immediate

risk of dying who are dependent upon two or more inotropes, IABP, significant pulmonary

hypertension, hepatic failure, or renal insufficiencies and severe right ventricular failure.

AbioCor patients have multiple co-morbidities. These patients are much sicker than

those patients receiving left ventricular assist devices. The mean time to death in the

REMATCH medically-controlled group of patients was twenty weeks compared to a mean

time of survival of two weeks for the AbioCor control patients who did not receive the

device (8). Of the fourteen patients in the initial trial, ten patients had previous surgeries;

ten patients had prior pacemakers or AICDs; ten were on intra-aortic balloon pumps; four

patients were on ventilator support at the time of surgery; nine patients had renal

dysfunction; four patients had liver dysfunction; and six patients had diabetes.

Inclusion criteria for the trial are adult patients who are not transplant candidates

(Table 2). All patients were in biventricular failure, on multiple inotropes, or if on

temporary assist device, unweanable and on optimal medical management. These patients

have a greater than 70% chance of dying (AbioScore) within thirty days on maximum

medical treatment. A fit study (AbioFit) is performed on all patients pre-operatively in

order to insure the device will lie properly in the chest cavity. Patients and family undergo

Figure 6 AbioCore is connected and being de-aired. Source: From Ref. 6.
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social and psychological evaluation pre-implant to make sure they can handle the stress of

the post-implant. Although the majority of patients had hepatic and renal dysfunction, it

was felt in all patients that these would be recoverable with proper circulatory support. The

reasons patients were not transplant candidates include pulmonary hypertension (5); age

(6); malignancy (2); diabetes, neuropathy and organ dysfunction (9). All patients were in

severe biventricular failure.

Fourteen patients were enrolled at four centers (Table 3). There were two perioperative

deaths. Twelve patients were successfully supported, five of whom were ambulatory after

Figure 7 Robert Tools—first recipient of the AbioCore total implant.

Table 1 Conditions of End-Stage Heart Failure Patients That Can Benefit from AbioCore

Support

Heart transplant rejection

Severe but reversible liver failure

Chronic pulmonary disease

Severe rhythm disorders

Biventricular failure

AMI—cardiogenic shock

Chronic—idiopathic or ischemic

Abbreviation: AMI, acute myocardial infarction.
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surgery and four had out-of-hospital trips. Two patients were discharged and one returned

home and lived 512 days. The support duration varied from 53 to 512 days, with a mean

5.4 mo. There was a cumulative support of five patient years.

Several AbioCor patients survived conditions that are lethal to a native heart. These

include extreme acidosis (PH less than 7); severe fiberile conditions (106–1078F); chronic

high systemic pulmonary artery pressures; and severe liver dysfunction (Table 4). The

majority of patients (thirteen) required tracheostomy for pulmonary management; six of

eight patients recovered renal function following dialysis; six of seven patients recovered

from hepatic failure; two patients had malignant neuroleptic syndrome; two had acute

cholecystectomy requiring acute cholecystectomy; three had recurring GI bleeding; one

patient had respiratory failure requiring ECMO. All but two patients required reoperation

due to bleeding or tamponade.

The device functioned extremely well throughout the clinical trials. There were no

device-related infections, device-related clinical hemolyisis, and significant tissue injury.

The TET coils were easy to use. There was one battery that required replacement, which

was a routine, uncomplicated procedure. There was one hydraulic membrane wear out that

occurred at fifteen months post-implant. This was detectable approximately one month

prior to wear out. The situation was discussed with the family and patient and it was

decided not to change out the device. There was one console failure due to a battery

overcharging. There was one motor-bearing failure secondary to running the device

outside of assigned parameters; this caused a catastrophic device failure.

Anticoagulation management is extremely important in the postoperative care of the

total artificial heart patients. It is important to achieve proper balance between the risk for

bleeding and thrombosis. Heparin therapy, with a target PTT being around 2.5 times

normal, is initiated after physical hemostasis has been verified and the chest tube drainage

is less than 30 cc/hr for approximately 24 hr. It is withheld if the platelet count is less than

100,000 ml. The thromboelastogram (TEG) is monitored daily to make sure the patient

Table 2 Inclusion and Exclusion Criteria

Inclusion criteria

Adult, non-transplant candidate

Biventricular failure

On optimal medical management (OMM)

High likelihood of dying within the next 30 days

Not weanable if on a temporary assist device

Pre-surgical fit assessment

Exclusion criteria

Predicted 30-day mortality !70%

Inadequate psychosocial support

Non–recoverable end organs that may compromise survival and recovery

Table 3 Fourteen Patients Enrolled at Four Centers

Two perioperative deaths

Twelve successfully supported

† One patient not ambulatory

† Five patients were ambulatory after surgery

† Four patients had out-of-hospital trips

† Two were discharged, one returned home and lived 512 days
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maintains a normal coagulable state and does not become hypercoagulable. Patients with

total artificial hearts tend to be hypercoaguluable as indicated by TEGs using the sample

with heparinase in recalcified whole blood. A balance state can be achieved with the TEG

showing normal coaguluability. Antiplatelet therapy is begun once the platelet count is

over 100,000 per microliter. This is achieved with the use of aspirin, dipyridamole, and/or

Plavix and is monitored daily by platelet aggravation or TEG. The platelet activity should

be maintained below 50% of normal. Warfarin therapy is initiated when renal and hepatic

function improves, and the patient is stable and begins to ambulate (Table 5).

The patients’ quality of life after recovering from the initial surgery was very good.

Patients attended movies, shows, sporting events, participated in religious services, visited

parks, dined in restaurants, and had close interactions with friends and families. Six

recipients celebrated a next birthday and one recipient welcomed a great-grandchild. The

patients and families adapted very well to the TETs coil and found this very easy to

manage. They had no difficulties in changing from the console to the portable electronics

so the patient could fully ambulate.

As anticipated, because of the very sick cohort of patients in the trial, there were

multiple morbidities. The primary problem has been strokes. In reviewing the early

autopsy findings, there was thrombus on the left and right atrial cage struts (Fig. 8). The

pumps themselves were clean with no evidence of thrombosis or clotting. There was no

evidence of any significant tissue injury or infection. It was felt that the strokes were

secondary to thrombus forming on the struts of the inflow cages on the right and left atria.

Therefore, the inflow configuration was redesigned. Of the first five patients supported, all

had inflow cages and cuffs sutured to the annulas. There were three CVAs in this first

group. A second group of six patients had no inflow cages. There was one inflow

obstruction, secondary to the right atrium obstructing the right-sided inflow valve; this

patient died in transfer to the recovery room. There was one intraoperative CVA and two

Table 4 Extremely Sick Cohort of Patients

Majority of patients (13) required tracheostomy for pulmonary management

Six of eight patients recovered renal function following dialysis

Six of seven patients recovered hepatic failure

Malignant neuroleptic syndrome (2), acute cholecystitis (3), recurrent GI bleeding (3), respiratory

failure requiring ECMO (1)

All but two patients required reoperation due to bleeding or tamponade

Abbreviation: ECMO, extracorporeal membrane oxygenation.

Table 5 Anticoagulation Strategy for the AbioCore

Start anticoagulation slowly to avoid swings

Heparin after chest drainage !30 cc/hr

Coumadin INR 2.5–3.5

Use proper antiplatelet therapy based on platelet activity level

ASA, Persantinew, Plavixw

Monitor

PT, PTT, platelet aggregation

TEG invaluable

Abbreviations: INR, international normalized ratio; ASA, aspirin; PT, prothrombin time; PTT, partial

thromboplastin time; TEG, thrombelastograph.
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embolic CVA post-implants. A third group of three patients had modified connectors. All

of these had inflow cages but the atrial connector was moved, separating the left atrial wall

from the cage and connector. None of these patients had any evidence of embolism while

on anticoagulation (Fig. 9). It is the current feeling that the modified atrial connectors will

ensure there is no tissue contact with the struts which would lead to formation of a

thrombus. With this modified connector, the incidence of thrombo embolisms will be

greatly reduced. The expanded multi-center use of the AbioCor Total Replacement Heart

Figure 9 Revised connector showing good ingrowth of tissue and no evidence of thrombosis.

Figure 8 Thrombus on left atrial cage.
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under an humanitarian device exemption (HDE) offers an exciting new way to treat

end-stage biventricular failure (Fig. 10).

NEW DEVICES

A second generation AbioCor heart is currently under development by ABIOMED. This

device called the AbioHearte is a hybrid design using the strengths of the Penn State

electrical total artificial heart and the current generation AbioCor. The AbioHeart is an

electromechanical heart using a jack screw motor with pusher plates to alternately direct

the right and left systole. The compliance chamber has been removed from the thoracic

unit and placed in the chest cavity. One major advantage of this new device is that it is

approximately 30% smaller in size than the current AbioCor Replacement Heart. This will

allow implantation in both men and women and will reduce the chances of inflow

obstruction of the pulmonary veins or cava. Additionally, the advantages of the AbioHeart

include improved membrane durability and decreased membrane trauma. The inflow and

outflow valves are valves consisting of tri-leaflet valves that are fabricated from

polyurethane. The device is passive and filled from both the right and left atria, which will

make the device more physiological. The AbioHeart includes automatic controls for beat

rate control, stroke volume, and right/left balance. Initial preclinical trials are being

conducted at the University of Louisville. The initial results are very promising. Initial

clinical trials are scheduled for late 2006 or early 2007.
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INTRODUCTION

Congestive heart failure (CHF) is commonly regarded as the “final common pathway” of

cardiovascular decline resulting from all forms of heart disease. Despite advances in the

prevention and treatment of many forms of cardiovascular disease, CHF continues to

exist as a major and, unfortunately, growing form of morbidity and mortality in the

United States and around the world. As myocardial function declines and systemic

compensatory systems are activated to support blood pressure and organ perfusion,

patients progress through increasingly severe stages of CHF, each with increasing

morbidity and mortality.

The past decade has seen significant advances in our understanding of the patho-

physiology and pharmacologic approach to the treatment of CHF. These developments

have lead to a “shift to the right” of the mortality curve for CHF, with patients living longer

with improved quality of life. Unfortunately once patients reach the steep or rapidly

declining phase of the mortality curve, i.e. being classified as AHA/ACC Class D and

NYHA Class IV CHF, their decline continues in an accelerating fashion. Patients with

Class IV CHF face a greater than 75% two-year mortality risk. At that point in their natural

history, medical therapy is of limited value.

It is exactly for this group of maximally medically managed patients with persistent

and worsening CHF that the field of mechanical circulatory support has emerged (Fig. 1).

Over the years, devices have been developed with progressively increasing hemodynamic

support capabilities. However, when complete bi-ventricular failure occurs, replacement

of total heart pump function is needed. It is for this situation that the Total Artificial Heart

has been developed.
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In this chapter the background, technical, and clinical experience with the

SynCardia CardioWeste Total Artificial Heart (TAH), the first and only TAH to be

approved by the U.S. Food and Drug Administration, is reviewed. Specifically we discuss:

(1) the rationale for the TAH, (2) the history of artificial heart technology, (3) technical

and operational details of the CardioWest TAH, (4) indications for use of the TAH, (5)

clinical experience with the CardioWest TAH, and (6) future applications of the TAH.

RATIONALE FOR THE TOTAL ARTIFICIAL HEART

The artificial heart arose from the unmet clinical need for a device or system capable of

completely restoring systemic and pulmonary blood circulation and organ perfusion

pressure in patients with failed circulatory systems due to irreversible biventricular

dysfunction. Early in the history of TAH development the vision was for the creation of

such a device as a long-term permanent cardiac replacement. While this was a laudable

initial goal, it proved to be too big a technical, clinical, and social leap in the early days of

TAH development (1). With the eventual parallel take-off of heart transplantation, as a

result of the advent of effective anti-rejection pharmacology, a new unforeseen rationale

for the TAH arose. The growth of transplantation, with inadequate instant donor heart

availability created the need for a “bridge,” rather than permanent device, capable of

sustaining the life of a patient until a donor heart might be procured. Today with advances

in TAH development both of these visions, i.e., short term “bridge” and long term

“destination therapy,” are back in the minds of the medical and technical community and

are being actively addressed.

Additional rationale exist for the TAH. These may be categorized as being

medical/technical, humanitarian, and economic. On the medical level, the TAH obviates

many limitations, which are associated with ventricular assist device (VAD)-mediated

cardiac support. Leaving the ventricles intact in the end-stage CHF patient often turns out

to be a major liability for the patient. With time it has been demonstrated that the major

cause of cardiac failure of patients supported with LVADs is eventual right heart failure.
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Figure 1 Natural history of New York Heart Association class III/IV chronic heart failure.
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In this scenario, placement of a second VAD as an RVAD carries a high morbidity and

mortality with dramatically reduced bridge-to-transplant success. The TAH provides a

complete cardiac solution for this scenario. Further, the minimally contracting myocardium

often is a nidus for endoventricular thrombus formation. Placement of VADs in this

situation has lead to significant embolization and stroke. Removing the ventricles with

orthotopic placement of a TAH significantly reduces this embolic risk. Cardiac

arrhythmias, frequent in the end-stage heart, undermine ventricular contractile performance

and further reduce VAD function. Cardiac removal and replacement with the TAH

overcomes this limitation. The presence of a prosthetic valve in a heart supported by a VAD

increases the risk of thrombosis and embolization from the valve. This too is obviated

through TAH use. Presence of ventricular septal defects and other structural derangements,

which further compromise cardiac output in ventricles supported with VADs, are overcome

with the use of a TAH. Finally, use of a device, which occupies the same anatomic location,

without the need for violating other body cavities or further crowding the thoracic cavity,

has motivated the development of an effective cardiac replacement device.

On the humanitarian level, the clear rationale for the TAH is that it may save lives.

The majority of patients that have been recipients of such a device to date have been young

to middle-aged patients in the prime of life. While their lives have unfortunately been

compromised by devastating cardiovascular disease, they frequently are otherwise fairly

healthy. Complete organ replacement in these patients, either with eventual cardiac

transplantation or through continued destination therapy support, has the potential to

afford them the chance for life with quality. Further, the TAH allows these patients the

opportunity to recover from the devastating systemic effects of low circulatory output.

Hence the rationale exists to salvage and recover the patient, reducing edema and

congestion and increasing vital organ perfusion through the TAH.

Additional rationale for the TAH exists from an economic perspective. In the

bridge scenario, allowing patients to recover prior to transplantation has the possibility of

reducing the cost of hospitalization through reduced ICU stay and lower acute care levels

for patients. Further, in the future, in the United States and presently in Europe, the

possibility of recovery and waiting at home prior to transplantation is a reality with a TAH.

This has the potential of saving the cost of 60 to 270 days of hospitalization, the duration

post-acute recovery that patients wait on average, in the United States and Europe,

respectively, for a transplant.

In the “destination therapy” scenario, even greater cost savings are possible.

Presently CHF represents the leading cause of hospitalization in the United States and

carries a price tag exceeding $27 billion (2). As patients worsen and progress to more

advanced stages of CHF, their frequency of hospitalization and the length of stay and

associated costs increase. As such, the TAH has the potential of radically improving the

quality of life of patients with end-stage CHF, reducing their frequency and extent of

hospitalization and their overall cost of care.

HISTORICAL OVERVIEW OF ARTIFICIAL HEART TECHNOLOGY

The artificial heart has had a greater than forty-year development history (Table 1). Initial

efforts at creating a complete cardiac replacement artificial organ began as one of several

scientific initiatives advocated during the Kennedy administration in the 1960s. In 1964,

the National Institutes of Health launched an artificial heart program, fostering the

development of partial and full cardiac replacement devices. Parallel efforts began in

Texas and in Cleveland on circulatory replacement systems. Reflecting back on the early

beginnings of this field differing visions and perceptions of the TAH are recalled.
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An initial clear memory is that of the dramatic first attempts by Dr. Denton Cooley

to save dying patients who could not be weaned from the heart–lung machine after

routine cardiac procedures in 1969 with the Liotta TAH (3) and then in 1981 with the

Akutsu TAH (4). Next we remember, primarily from extensive media coverage, the use

of the Jarvik-7 TAH as a permanent cardiac replacement by DeVries and his team in four

patients in Salt Lake City and Louisville (5). The initial attempt at destination therapy

led to the first long-term survival (112 days in Dr. Barney Clark) of humans on any type

of mechanical circulatory device. Unfortunately, public expectations far exceeded the

realities of that era. This was reminiscent of the era when heart transplantation had been

banned in nearly every hospital in the world after a shaky but well-publicized start.

In reality the goal of complete cardiac replacement was too extensive for the level of

scientific, clinical, and social maturation of the era.

In 1985, the authors utilized a TAH for a different indication, that of “bridge to

tranplantation,” rather than permanent cardiac replacement. The team utilized an

unapproved Phoenix TAH as a bridge device, in a desperate situation of a patient who

had rejected his heart transplant. After failing at this and preparing for the next experience,

the team was fortunate to have the first successful bridge to transplant with a TAH (Jarvik-7)

in August 1985 (6).

The Jarvik-7 TAH was designed and tested preclinically in animals by Drs. Kolff,

Olsen, Jarvik as well as others from the 1950s through the 1970s (7). The device was

specifically designed and durability tested to permanently replace the heart. Dr. William

DeVries and his team in the United States implanted four and Dr. Bjarne Semb in

Stockholm implanted one Jarvik-7 TAH, with 100-mL ventricles, in the early 1980s. All

five implants were in chronically ill patients. Early postoperative complications included

Table 1 Total Artifical Heart (TAH) Timeline

1964 U.S. Government National Heart Initiative to produce a TAH

1969 Cooley at the Texas Heart Institute performs first human artificial heart implant to

bridge a patient for 64 hr until a donor heart is transplanted

1981 Kolff, DeVries, and Jarvik at the University of Utah receive FDA approval to implant

a TAH into a human for permanent application

1982 Dr. Barney Clark receives the Jarvik-7 device, lives 112 days

1983 Symbion acquires rights to manufacture Jarvik-7

1985 Copeland at UMCa implants the Phoenix TAH, opening the door for the FDA to

approve the TAH as a bridge-to-transplant, rather than a permanent implant. He later

performs the first successful bridge to transplant with a TAH using the Jarvik-7

1986 The smaller Jarvik-7-70 TAH is first implanted, expanding the use of the TAH into

most adults (including women)

1990 The FDA withdraws the study of the Symbion Jarvik TAHs because of quality issues

1991 Symbion transfers all the TAH assets to CardioWeste/UMC

1992 CardioWest receives FDA approval to begin a new study with a modified Jarvik-7-70

design—The Multi-Center PMA Trial

1993 First CardioWest TAH is implanted in a women at UMC. She was successfully

transplanted after 186 days

1999 CardioWest receives CE mark approval for clinical use of the TAH in Europe

2001 SynCardia Systems Inc. (Tucson, AZ) was founded to obtain FDA approval and

commercialize the TAH

2004 SynCardia CardioWeste TAH becomes the first TAH to receive FDA approval for use

as a bridge-to-transplant in patients with irreversible bi-ventricular failure

aUMC, University Medical Center, Tucson, Arizona.

Abbreviations: FDA, food and drug administration; PMA, pre-market approval.

Slepian et al.476



hemorrhage and renal failure. There was one death from hemorrhage occurring 10 days

post-implantation. The other four patients died of sepsis, living as long as 620 days (mean

survival of 291 days). Two of DeVries’ patients suffered thrombo-embolic strokes (8).

Dr. Semb’s patient was photographed on numerous occasions walking around Stockholm

supported by a portable briefcase-sized pneumatic driver. In summary, given the complete

absence of long-term human experience with such devices at that time, the results seemed

extraordinarily good. Yet, in many ways, the medical profession was not prepared for this

technology. Most of the preclinical experience was in healthy growing calves that were

resistant to infection, had little if any evidence of stroke, and, unfortunately, had to be

euthanized within a few months of implantation as they “outgrew” the device. The major

complications of mechanical circulatory devices in humans—bleeding, thromboembolism

with stroke, and infection—had not been major problems in calves. Consequently,

expectations were high, and the media was disappointed with the early clinical results

in man.

Two major changes were made in the Jarvik-7 based upon that experience

(9): Medtronic-Hall valves were substituted for Bjork-Shiley and the rate of pressure rise

(dp/dt) by the pneumatic driver was lowered to about 4500 mmHg/sec. The authors began

to understand many of the major problems of the total artificial heart in the bridge-to-

transplant scenario. After their first implant in August 1985, 37 other centers implanted a

total of 198 Jarvik-7 TAHs between 1985 and 1992. Seventy percent of these implants

were done between 1986 and 1988. More than 75% of them occurred in eight centers. The

remaining centers accounted for less than five cases per center. Thirty-nine of the hearts

were the 100-mL size (the last one implanted in 1992) and 159 were with the smaller 70-

mL ventricles that are currently used. The last registry of this experience (10) reported that

143 implant patients (72% of those implanted) were transplanted and that 89 (59% of

transplants and 43% of the total) were discharged. More than 60% of these patients had the

device for less than 2 wk. The rush to transplantation might explain why only 59% of those

transplanted were discharged. The average patient age was 42 and the average duration of

implantation was 24 days (range 1–603), resulting in 13 patient-years of experience. The

cause of patients dying while on device support was: multiple organ failure (17 patients),

sepsis (16), neurologic (6), and respiratory (6). Complications included infection (37%),

hemorrhage (26%), renal failure (20%), stroke (5%), and transient ischemic attack (4%). A

variety of experiences and impressions from this early period have been previously

summarized. Among the most compelling publications from that era was a 60-case series

from La Pitie Hospital in Paris in which no neurologic adverse events were reported. They

used a multicomponent coagulation monitoring and anticoagulant therapy protocol

developed by Szefner and colleagues (11).

In 1991, the Jarvik-7 (then called Symbion) study was halted by the FDA. At that

point, the technology was licensed to a new start-up company known as CardioWest and

the heart was renamed the CardioWest C-70 TAH. A new FDA study was started in 1993.

Changes were made in manufacturing and the previous skin button was replaced with

Dacron velour attached directly to the air conduits. Only one size (70 mL) was continued

in production. In 2001 SynCardia, a company organized to complete the ongoing U.S.

clinical trial, proceeded with regulatory submission to the FDA and initiated device

commercialization, and renaming the device the SynCardia CardioWeste TAH. As of

June 2005, 612 TAHs of all types had been implanted worldwide. Ninety percent (554 of

612) have been of the CardioWest–type design, accounting for 77 patient-years, or about

91% of the worldwide TAH experience. There have been more than 350 actual

CardioWest implants to date, accounting for over 60 patient-years or more than 70% of the

worldwide TAH experience.
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Presently the only other TAH under clinical investigation is the AbioCorw fully

implantable TAH, an electrohydraulic pump that has been implanted in fourteen patients

as of June 2005. The size and pumping characteristics are very different from the

CardioWeste TAH. Clinical experience with the AbioCor has thus far been limited and

results, including survival and adverse events, have not been published. In May 2005 the

US FDA Advisory Panel rejected Abiomed’s request for a humanitarian device exemption

to market the AbioCor.

TECHNICAL AND OPERATIONAL DETAILS OF THE
CARDIOWESTe TAH

The SynCardia CardioWeste TAH is a biventricular orthotopic pneumatic pulsatile pump

with two separate artificial ventricles that take the place of the native ventricles (Fig. 2A).

The two artificial ventricles, although differing in the spacing and angulations of the inflow

and outflow valves and the entry sites for the conduits for the left and right sides, are

basically the same in construction. Each has a rigid spherical outer “housing” that supports

a seamless blood-contacting diaphragm, two intermediate diaphragms, and an air

diaphragm, all made of segmented polyurethane, separated by thin coatings of graphite

(Fig. 2B). The inflow (27-mm) and outflow (25-mm) Medtronic-Hall valves are mounted

on the housing. The diaphragm excursion is essentially from one wall of the housing to the

Figure 2 (A) SynCardia CardioWeste Total Artificial Heart. (B) Total Artificial Heart ventricle.

Abbreviation: SPUS, segmented polyurethane solution. (Continued)
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other, allowing the ventricle to fully fill and fully eject nearly 70 mL per beat. A flexible

polyurethane lined inflow connector called a “quick connect” is sewn to the atrial cuff of

the recipient heart and then snapped on to the inflow valve mount of the artificial ventricle.

On the outflow side, the Dacron outflow connectors are snapped on to the outflow

valve mounts of the artificial ventricles after the distal connector anastomoses have

been completed.

Wire-reinforced air conduits covered with Dacron in the transabdominal wall

pathway connect to longer drivelines and to an external console (Fig. 3). This console is

mobile by virtue of batteries and compressed air tanks, allowing the patient freedom to

move about the hospital or other care facility. With the current configuration, patients are

able to ambulate within the confines of the medical center (e.g., going to the cafeteria,

or outdoors). Further, they perform most cardiac rehabilitation exercises, a necessary step

toward their full recovery.

Portable pneumatic driver/consoles that provide pneumatic power have been

developed and tested and will soon be available (Fig. 4A and B). These will provide

increased mobility and, most importantly, discharge from the hospital. A “wearable”

disposable driver/console is being developed and will be the third generation of drive

power for the CardioWeste, further improving the quality of life of implanted patients.

The external console consists of two pneumatic drivers, one primary and one

backup, transport batteries, air tanks, and an alarm and computer monitoring system. Beat

rate, % systole (% of cardiac cycle occupied by systole), and left and right driving pressure

are manually controlled. Once set, it is rare for these parameters to need resetting. Cardiac

Inflow Cuff

(B)

Dacron mesh, SPUS, Velour
27mm Outer Quick Connect

Isoplast

27mm Medtronic Hall Inflow Valve
Titanium, Pyrolytic Carbon

27mm Inner Quick Connect
Isoplast

Housing Assembly
SPUS, Dacron mesh

Blood Diaphragm
SPUS

Base Assembly
Isoplast

Outflow graft
SPUS, Dacron graft, Velour

25mm Outer Quick Connect
Isoplast

25mm Medtronic Hall Outflow Valve
Titanium, Pyrolytic Carbon

25mm Inner Quick Connect
Isoplast

Velcro

Redundant Air Diaphragms
SPUS

Steel Reinforced Air Hose
PVC, SPUS, Velour

Figure 2 (Continued from previous page )
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Figure 3 SynCardia CardioWeste Total Artificial Heart (TAH) System. Note three components:

TAH, existing pneumatic driveline, and driver console.

Figure 4 (A) SynCardia MEDOS HD8e Mobile Driver. (B) Berlin Heart EXCORe Portable

Driver. (Continued)
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output based on volume of airflow out of the drivelines as well as trend plots of left-sided

and right-sided cardiac output are continuously displayed as is drive pressure for each

artificial ventricle. Separate ventricular fill volumes are also continuously displayed.

The primary driver is set to fully eject blood (Fig. 5) from each artificial ventricle

with each beat. This is achieved by setting the ejection pressures for the right ventricle

30 mmHg higher than the pulmonary artery pressure and the systemic drive pressure

60 mmHg higher than the systemic pressure. The driver, however, is not set to allow the

artificial ventricle to fully fill. Filling of 50 to 60 mL per beat by initial adjustment of

the beat rate and % systole is optimal. Thus, within the 70-mL artificial ventricle on the

air-side of the diaphragm is a “cushion” of 10 to 20 mL (Fig. 6). In the event of increased

venous return, as in the cases of exercise or volume loading, some of this air is displaced

and cardiac output automatically increases as occurs with the Starling mechanism in a

normal heart. Using this protocol coupled with a negative intraventricular pressure at the

onset of diastole of 10 to 15 mmHg and a central venous pressure of 8 to 15 mmHg, the

cardiac output generated by the CardioWeste TAH is generally 7 to 8 L/min. Mean arterial

pressures are usually in the 70 to 90 mmHg range, resulting in a perfusion pressure of 55

to 80. Delivery of this magnitude of pressure and flow has resulted in consistent return

of renal, hepatic, and other end-organ function to normal even in the sickest of patients.

Needless to say, there is no concern about right heart failure, pulmonary hypertension,

valve issues, or arrhythmias as with LVADs. Further, the flow limitation, always seen with

extra corporeal BVADS (Thoratec provides a maximum flow of 5 to 6 L/min), and seen

in cases of RV failure with LVADs, is not present with the CardioWest. In a study of

CardioWest, Novacor (World Heart Corporation, Ottawa, Ontario, Canada), and Thoratec

(Thoratec Corporation, Pleasanton, California, U.S.A.) in very sick deteriorating patients

(12) we found that during the first 24 hr post-implant a cardiac index of 2.5 L/min/M2

correlated positively with survival in all groups. For many American patients with BSAs

of O2 M2 an output of at least 5 to 6 L/min early after implant would be the minimally

acceptable value. Our approach at all times with the CardioWeste TAH has been to

maximize cardiac output not only for improved pressure and flow to end organs, but also as

Figure 4 (Continued from previous page )

The SynCardia CardioWeste Total Artificial Heart 481



F E

A
B

C
D

dr
iv

e 
pr

es
su

re
 s

et
tin

g 
re

ac
he

d

E
JE

C
T

 P
H

A
S

E

dr
iv

e 
pr

es
su

re
 e

qu
al

s 
af

te
rlo

ad
pr

es
su

re
, o

pe
ni

ng
 o

ut
flo

w
 v

al
ve

st
ar

t o
f e

je
ct

 p
ha

se
,

dr
iv

e 
pr

es
su

re
 in

cr
ea

se
s

P
R

E
S

S
U

R
E

(m
m

H
g)

O
U

T
F

LO
W

 

dy
na

m
ic

st
ro

ke
vo

lu
m

e

A
IR

D
IA

P
H

R
A

G
M

S
 P

O
S

IT
IO

N

C
D

 ti
m

ef
ra

m
e

B
C

 ti
m

ef
ra

m
e

A
B

 ti
m

ef
ra

m
e

IN
F

LO
W

fu
ll 

ej
ec

tio
n,

 d
ia

ph
ra

gm
s 

at
m

ax
im

um
 u

pw
ar

d 
po

si
tio

n
ou

tfl
ow

 v
al

ve
 o

pe
ns

,
di

ap
hr

ag
m

s 
be

gi
n 

to
 m

ov
e 

up
en

d 
of

 e
je

ct
 p

ha
se

T
IM

E
(m

se
c)

F
ig

u
re

5
T

A
H

p
re

ss
u

re
w

av
ef

o
rm

.

Slepian et al.482



a strategy to increase “washing” of the device’s blood-contacting surface as well, thus

reducing the risk of thromboembolism.

INDICATIONS FOR USE OF THE CARDIOWESTe TAH

The TAH is presently indicated for use in the United States as an in-hospital bridge for

patients with end-stage biventricular heart failure awaiting heart transplantation (Table 2).

Outside the United States, the TAH has been used for broader indications. In Europe

the TAH has been used as a means of bridging patients, though allowing them to be

discharged, residing at home while awaiting transplantation. The TAH has also been used

outside of the United States as an acute bailout device for patients with irreversible

cardiogenic shock associated with acute myocardial infarction. The TAH has further been

indicated in cases of post-cardiotomy heart failure, with an inability to wean patients

off cardio-plumonary bypass. Recently the TAH has begun initial trial use in Europe

for “destination therapy,” i.e., as a permanent cardiac replacement device utilizing a new

portable mobile driver.

CLINICAL EXPERIENCE WITH THE CARDIOWESTe TAH

As outlined above, the bulk of the world’s TAH experience has occurred with TAH

devices built on the technology platform common to the present SynCardia CardioWeste

TAH. The largest recent single center experiences to date have been described in Arizona,

Paris, and at Bad Oeyenhausen, Germany.

From 1993–2002 patients, 62 patients (51 men and 11 women) with irreversible

bi-ventricular failure underwent implantation with the TAH at Arizona (13). Mean LV

ejection fraction and CVP pre-implant were 20G8% and 20G7 mmHg, respectively. The

mean time on TAH support was 92G11 days (range 1–413 d). Seventy-seven percent of
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patients survived to transplantation, with the TAH. Sixty-eight percent of the total group

survived to discharge post-transplantation. Twenty-three percent of patients died during

device support. Multi-organ failure caused 50% of these deaths. Adverse events included

bleeding (20%), device malfunction (5%), fit complications (3%), mediastinal infections

(5%), visceral embolus (1.6%), and stroke (1.6%). The linearized stroke rate was 0.068

events per patient-year.

A similar experience was reported by the group from Paris (14). To date, this group

at Hospital La Pitie-Salpetriere has the largest experience with the TAH. Between 1986

and 2001, 127 patients (108 males, mean age 38G13) underwent bridge to

transplantation with the TAH. Mean arterial blood pressure and CVP pre-implant were

70G8 mmHg and CVP 27G8 mmHg, respectively. The duration of support increased

progressively in the French experience, averaging 2 mo after 1997 with a range from

5–271 days. One patient in their early experience was maintained on the TAH for

602 days, due to pre-implantation pre-formed anti-HLA antibodies. Overall 64% of

patients survived to transplantation, with the TAH. Twenty-three percent of patients died

during device support. Multi-organ failure caused 67% of these deaths. The clinical

thromboembolic event rate they observed was low, with no incidence of CVA and only

Table 2 Current and Future Applications of the SynCardia CardioWeste Total Artificial Heart

Applications Candidate patients

Current (FDA approved)

Bridge-to-transplantation in cardiac transplant-

eligible patients at risk of imminent death from

bi-ventricular failure (in hospital use)

NYHA Class IV, AHA/ACC Class D

CHF—Transplant-eligible with

bi-ventricular failure refractory to

medical therapy

Ischemic, myopathies, intra-op, adult

congential heart disease

Contraindications to VAD support such

as refractory arrhythmias, aortic

regurgitation, stenosis or prosthesis,

ventricular thrombus or VSD

Unresuscitatable cardiac arrest

Massive myocardial infarction or direct

myocardial injury that affects

technical insertion of a VAD through

the left ventricle

Failure to wean from cardiopulmonary

bypass with bi-ventricular injury

Future (not presently FDA approved)

Bridge-to-transplantation in transplant-eligible

patients with bi-ventricular failure with

anticipated hospital discharge and-out-of hos-

pital use

Same as above

Long-term destination therapy TAH with hospi-

tal discharge to the home setting

NYHA Class IV, AHA/ACC Class D

CHF—Not transplant-eligible with

bi-ventricular failure refractory to

medical therapy

Abbreviations: FDA, Food and Drug Administration; NYHA, New York Heart Association; AHA/ACC,

American Heart Association/American College of Cardiology; CHF, chronic heart failure; VAD, ventricular

assist device; VSD, ventricular septal defect.
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2 TIAs. In all, they reported on a total experience of 3606 implant days with only one

instance of mechanical dysfunction.

Recently the surgical group at Bad Oeyenhausen reported on their experience as well.

Between February 2001 and December 2003, forty-two patients (37 men and 5 women,

mean age 51G13 yr) received a TAH. All patients were in persistent cardiogenic shock

in spite of maximum inotropic support. Interestingly, ten of the forty-two patients were

in cardiogenic shock as a result of massive acute myocardial infarction. Mean duration

of support was 86G81 days (range 1G291 d). Eleven of 42 patients (26%) underwent

successful cardiac transplantation, with 10 patients being discharged home. Twenty-two

patients (52%) died under support, 13 of them from multi-organ failure after 1–68 days of

support. They too observed low thromboembolic complication rates, with only one CVA

and two TIAs noted.

All of these centers used the TAH for patients with biventricular failure, with

adequate thoracic cavity volume to successfully fit the device in the resident space left by

excision of the native heart ventricles and valves. Other devices were used for left

ventricular dysfunction and biventricular failure in smaller patients who could not fit

the TAH.

Overall, all these single center experiences, in medical centers utilizing the TAH for

many years or new to the device as of late, demonstrate successful salvage of patients in

imminent risk of death utilizing the TAH. Through meticulous attention to anticoagula-

tion, as outlined in these studies, a low thromboembolic event rate was reported.

The most robust experience reported with the TAH to date was the recently

published multi-center PMA trial experience (15). In this trial the hypothesis tested was

that use of the TAH in patients with irreversible bi-ventricular failure would saves lives by

allowing for effective subsequent transplantation. Inclusion criteria for the study were:

patients eligible for transplant, NYHA CHF Class IV, BSA range 1.7–2.5 m2, and severe

hemodynamic insufficiency. From 1993–2002 the TAH was implanted in 95 patients

(81 protocol, 15 out-of protocol) with irreversible biventricular failure in imminent danger

of death. Major efficacy endpoints included rates of survival to transplantation, overall

survival, survival after transplantation and “treatment success,” defined as alive, NYHA

Class I or II, not on dialysis or a ventilator and ambulating. A control cohort of patients

matched with those in the protocol group, without receiving a TAH, was used for

contextual comparison.

In this study overall survival to transplantation was achieved in 79% of patients

receiving the TAH versus 46% of the controls, p!0.001. Treatment success was achieved

in 69% of the implant patients versus 37% of of controls, pZ0.002. The mean time from

entry into the study to transplantation or death was 79.1 days for the implant group versus

8.5 days among the controls, p!0.001. The overall survival rate at one year was 70%

(95% confidence limit, 63 to 77%) in the group receiving an implant as per protocol

compared with 31% in the control group, p!0.001 (Fig. 7). Survival at one and five years

after heart transplantation was 86% and 64%, respectively, compared with 69% and 34%,

respectively in the controls. This data compares favorably with the reported overall UNOS

survival data of 84.7% and 69.8%, at one and five years, respectively (16).

In the multi-center trial significant improvement in secondary endpoints was noted

as well for the TAH group. Patient’s hemodynamic status immediately improved following

placement of the TAH, with increased systemic pressure, reduced central vesnous

pressure, and increased organ perfusion pressure observed. Cardiac index rose from a

baseline pre-implant of 1.9 L/min/m2 to 3.2 L/min/m2. Renal and hepatic function and the

levels of BUN, creatinine, bilirubin, and transaminases returned to normal within three

weeks of implantation. Electrolyte levels, white count, and platelet count also normalized
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by three to four weeks post-TAH implantation. Quality of life also improved for the TAH

group. One week post-implant, 75% of these patients were ambulating. More than 60% of

patients were able to walk more than 100 ft. two weeks following implantation.

Seventeen of the eighty-one patients (21%) in the treatment group died before

transplantation, compared with nineteen of the thirty-five control patients (54%). Causes

of death in the treatment group were: multi-organ failure (in seven patients), procedural or

technical complications (4 patients), bleeding (in two), sepsis (in two), CHF (one) and

pulmonary edema (one). Causes of death in the control group prior to transplantation were:

cardiac arrest (in seven patients), heart failure (seven patients), multi-organ failure (three),

acute rejection (one), and pulmonary edema (one).

Detailed records of numerous potential adverse events were taken in this trial. The

major adverse events reported, in addition to death, were: bleeding, infection neurologic

dysfunction and device malfunction. In the implant group there were 102 bleeding events,

fifty-five of which occurred after implantation requiring “takeback” to the operating

room for control. All but one of these procedures occurred within the first 21 days of

implantation. Only two patients in this series died from bleeding. There were 125

infections recorded in the trial during use of the TAH, fifty being respiratory, 28 GU, 17

involving the driveline, 12 GI, 7 blood borne, six involving indwelling catheters and five

mediastinal infections. In sixty eight of the eight one protocol patients (84%) these

infections did not delay transplantation or contribute to death. All driveline infections

were superficial, with none ascending to the mediastinum. Twenty-six neurologic events

were noted in the protocol group, including stroke [11 events in 10 patients (12%)],

transient ischemic attacks (4 events), anoxic encephalopathy (5 events), seizure (4 events),

and syncope (1 event). Of the strokes observed six of the eleven completely resolved

without detectable residua after 48 hr, and four had mild residua with one having persistent

hemiplegia. The linearized rate of stroke was 0.05 events per month. One serious device

malfunction was observed in the entire experimental cohort, that of a perforation of the

pumping membrane. This occurred on day 124 post-implant resulting in a patient death.

No other serious device malfunctions have occurred during more than 12,000 patient-days

of use of the TAH.
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FUTURE APPLICATIONS OF THE CARDIOWESTe TAH

We are on the verge of a paradigm shift in the field of mechanical circulatory support. It

appears clear that as the myriad of devices currently being studied find their nitches,

a general rationale is developing for patients with varying degrees of Class IV CHF. In the

field of bridge-to-transplant what is becoming clear is that for patients with more mild,

typically single, i.e. left ventricular failure, they are well served with LVADs. However

as the degree of cardiac failure worsens, with either severe left ventricular failure or the

development of bi-ventricular failure, more robust cardiac support and frank replacement

systems are needed. It is in this role of complete hemodynamic support where the TAH is

emerging as clearly demonstrating its therapeutic superiorty. Of all devices presently

available it stands alone in terms of an ability to provide the highest degree of cardiac

output of any prosthetic device, up to 9.5 L/min. This type of extensive support is needed

to salvage and recover truly end-stage patients. As such the TAH has the potential to

emerge as the standard of care for irreversible bi-ventricular failure patients, the indication

for which it is presently approved. With time its application to severe single ventricular

failure, inadequately supported by a VAD may emerge.

In addition to bridge applications the TAH has the potential of providing therapeutic

benefit to several other groups of patients. One group that would benefit from the TAH

is the group of patients with persistent cardiogenic shock following acute myocardial

infarction, despite attempted percutaneous or surgical revascularization. This group

presently carries a greater than 50% mortality with no viable therapeutic option save

for emergency heart transplantation, which is logistically very difficult. Other future

applications for the TAH include use for post-cardiotomy cardiogenic shock, rescue of

patients failing on VAD devices, patients with cardiogenic shock placed on ECMO and for

failed transplants.

In addition to bridge-to-transplantation and other bail-out applications, the

CardioWeste TAH has an even greater long-term potential use—that of serving as a

“destination therapy” device. Today CHF is an epidemic that is growing in the United

States and world-wide. There are over 100,000 patients per year with NYHA Class IV

CHF. As such for these patients their imminent mortality is certain. While many patients

have significant co-morbidities or are elderly and many not be considered appropriate

candidates for, or for that matter capable of accommodating to, a life-extending tech-

nology, there are many patients that would benefit from such a therapy. By conservative

estimates upwards of 30,000 patients per year may be candidates for total cardiac

replacement with a long-term, i.e., permanent, artificial heart. We must recall that the

CardioWeste TAH was built based on a technology platform aimed for permanent

implantation. As mentioned in an earlier section that vision was too big a leap at the outset

of clinical use with this device. Now based on over 550 implants and 60 patient-years of

experience the time has come to seriously consider utilizing this TAH, with new portable

mobile driver technology, as destination therapy for these patients in dire therapeutic need.

CONCLUSION

The CardioWeste TAH was created and initially tested at the same time as the Thoratec,

Novacor, and HeartMate devices. It was designed as a permanent artificial heart and was

the first-ever mechanical circulatory device to be used as destination therapy. Several

decades have passed since that early experience. Pneumatic technology is still current and

being developed, as in existing or new implantable Thoratec VADs the pneumatic
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Heart-Mate and the Abiomed BVS 5000 pumps. Portable pneumatic drivers have been

available since 1982, and in recent times have allowed discharge to home of substantial

numbers of patients, thus reducing the length of hospital stays and making mechanical

device support less expensive to society and more tolerable to patients. Within months,

portable drivers for the CardioWeste will be available. The CardioWeste TAH has had a

long and progressive development path. In its present status it has evolved as a successful

and robust bridge to transplant device and is the only FDA approved TAH for this

indication.

The documented benefits of the CardioWest TAH include the rescue of: critically ill

patients with advanced heart failure; patients with biventricular failure, especially those

with significant right heart failure, elevated pulmonary vascular resistance, or pulmonary

edema; patients with renal or hepatic failure secondary to low cardiac output; patients with

massive myocardial damage such as those with post-infarction VSD or irreversible cardiac

graft rejection; patients with mechanical valves or native valve disease; and patients with

intractable arrhythmias and heart failure. High device outputs with restoration of normal

filling pressures result in high perfusion pressures that have led to dramatic recoveries,

convalescence, and return to levels of activity compatible with normal life. The average

device output with the CardioWest TAH is higher than any other approved or investi-

gational device. The reason for this resides in design simplicity as this device has the

shortest and largest inflow pathway.

Stroke, in the authors’ own series, is rare with a linearized rate of 0.068 events per

patient year using a tailored protocol (17). If the experiences of La Pitie and the University

of Arizona are combined, there has been one stroke in 25 patient years (0.04 events/patient

year).

Serious infections have been rare. To date there has been only one case of clinical

mediastinitis, which contributed to patient death. Drivelines have “healed in” tightly and

never caused “ascending” infection. There has not been a case of device endocarditis.

Using a broad definition of bleeding, including takeback re-operation for bleeding,

bleeding more than 8 units in the first postoperative 24 hr or 5 units over any other 48-hr

period, a 25% to 36% incidence has been documented. No cases of fatal exsanguination

have resulted. The incidence of bleeding as an adverse event is about 17% lower than the

rate reported for the HeartMate VE LVAD, and it is about the same as that reported for

Novacor and for Thoratec.

Implantation of this device is not technically difficult. If one follows the guidelines

for fitting the device, and takes the recommended advice for implantation, hemostasis is

excellent and restoration of immediate cardiac function with high flows is nearly

automatic (18). Use of a neopericardium of 0.1 mm EPTFE at the time of implantation

(19) assures atraumatic and relatively quick re-entry for transplantation and prevents

the normal inflammatory mediastinal reaction that might be desirable in a destination

application.

In selected patients the CardioWeste TAH is the device of choice for bridge to

transplantation. When a portable driver becomes available, out-of-hospital management of

CardioWeste TAH patients will be feasible and consideration of this device for long-term

applications (e.g., “destination therapy,”) will be reasonable. A wearable driver, even

smaller than a portable, will improve quality of life and expand the patient population that

may be therapeutically served with this system.

In short, the CardioWeste TAH has come nearly full circle. It was first used as a

destination device. It has since been used as a bridge to transplantation in nearly 200

patients as the Jarvik-7/Symbion TAH and, since 1993, in over 350 patients as

CardioWeste. The results have improved with time. Thromboembolism and infection
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rates have been competitive with currently available devices. Device reliability and

durability have been excellent. Survival rates have been very high in a group of perhaps

the sickest patients to be supported with any pulsatile device. Pneumatic technology has

improved with portability and miniaturization, and there is reason to believe that it will

become even better. Application of modern manufacturing techniques to this very simple

device raises the possibility of significant manufacturing cost reduction in an era of

prohibitive cost for other devices. All of this establishes the CardioWeste as a valuable

device for any program that is seriously interested in end-stage heart disease and a likely

device for permanent use in appropriately selected patients.

Increases in CardioWeste TAH implantations worldwide and expansion of the

number of implanting centers will provoke more interest in the uses of this device as well

as in its comparison, with other technologies. Portable drivers that are currently used

primarily in Germany expand the applicability and practicality of the TAH while reducing

the cost by allowing out-of-hospital care. This, in addition to the high pump flows and

control of the entire circulation, may have already led to shifts in patient and device

selection philosophies. We believe there could well be a paradigm shift underway with

regard to TAH use, as the advantages of this technology become apparent in the hands of a

greater number of users.
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27
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INTRODUCTION

Patients with heart failure refractory to medical, surgical, and device therapy who have

a high risk of mortality in one year can have both their survival and functional status

improved by orthotopic heart transplantation. Advances in the care of the advanced heart

failure patient prior to and following transplantation have improved both the quality and

duration of life of cardiac transplant recipients; however, the limited number of available

donor organs remains a major constraint on the utilization of this therapy. Thus, the

recognition of the heart failure patient sick enough to require referral for transplantation,

the evaluation of the potential transplantation candidate and the management of the patient

awaiting transplantation are important skills for the cardiologist caring for heart

failure patients.

GENERAL INDICATIONS FOR CARDIAC TRANSPLANTATION

Acute Decompensation

Heart failure patients who are candidates for cardiac transplantation can broadly be

classified by the duration of their heart failure into acutely and chronically ill patients.

With the broader utilization of inotropic and mechanical support, more patients can be

stabilized from an acutely decompensated state. Moreover, because many causes of new-

onset heart failure can show significant clinical improvement in the time span of 3 to 6 mo,

efforts to avoid transplantation in the early period may often be warranted (1–3).

Previously healthy patients with an abrupt development of severe heart failure such as

culminant myocarditis, in general have a better prognosis for recovery of myocardial

function, if patients can be supported through the initial period of hemodynamic

embarrassment (1,4). Other causes of acute cardiomyopathy include peripartum

cardiomyopathy and hypertensive and alcoholic cardiomyopathy, all of which may be

associated with dramatic improvements in myocardial performance if the underlying

source of myocardial injury can be treated or removed.
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It has been observed that approximately 4% of chronic heart failure patients

admitted with acute decompensation will die during hospitalization. Recursive

partitioning analysis of over 33,000 heart failure hospitalizations found that the presence

on admission of a BUN R43 mg/dl, a creatinine R2.75 mg/dl, and a systolic blood

pressure !115 mmHg identified patients with a ten-fold greater risk of mortality

compared with those in whom these findings were absent (5). It is reasonable that patients

with these characteristics on admission should be considered for evaluation for

transplantation, particularly if all three of these parameters are present.

Patients with known pre-existing left ventricular dysfunction who undergo cardiac

surgery (e.g. coronary revascularization, valvular repair/replacement) may have

significant difficulty weaning from extracorporeal cardiopulmonary bypass either due to

limited left ventricular myocardial reserve or due to right ventricular failure (a particular

issue in patients with fixed pulmonary hypertension). In such patients, placement of

a ventricular assist device may allow separation from cardiopulmonary bypass and

ultimately cardiac transplantation after adequate recovery from surgery. Consideration of

the possible need for mechanical support, either as a bridge to transplantation or to

recovery or as destination therapy, is an essential component of the cardiologist’s

evaluation of the high-risk cardiomyopathy patient in whom cardiac surgery

is contemplated.

Chronic Severe Heart Failure

All patients with chronic advanced heart failure should receive medical therapy

including maximum-tolerated doses of neurohormonal antagonists and a flexible diuretic

program to maintain a euvolemic weight range. Implantation of an implantable cardiac

defibrillator and/or a biventricular pacemaker should be performed when indicated.

Surgical relief from coronary artery disease or significant valvular disease should also be

employed, if appropriate, with consideration of the need for postoperative mechanical

cardiac support entering into the pre-operative decision-making process.

In the patient who continues to have severe heart failure symptoms despite

optimal medical management, and whose one-year survival is limited, consideration of

cardiac transplantation is appropriate. Inability to avoid recurrent hospitalizations for

intravenous inotropic or vasodilator support or inability to wean from these agents should

similarly prompt such evaluation. Unlike the patient with new-onset heart failure, who

has a reasonable chance of significant improvement in myocardial performance,

functional status and prognosis, when the patient with chronic severe heart failure

presents with an acute decompensation, it is unlikely that long-term recovery will occur,

and consideration of cardiac transplantation should proceed. Of course, if the acute

decompensation is a result of a preventable intercurrent precipitant, transplant evaluation

should not replace approaches such as patient education regarding dietary and

medication compliance, or adjustment of medical therapy.

Across the world, the highest percentage of heart transplants are necessitated by

idiopathic cardiomyopathy (46%), coronary artery disease (45%), and valvular heart

disease (3%) (6).

Less Common Indications for Transplantation

Although refractory heart failure is the most common indication for cardiac

transplantation, some with other cardiac diseases and symptoms may be considered

for transplantation. Some have been transplanted for refractory angina despite adequate
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attempts at medical therapy and percutaneous or surgical revascularization. Some

patients have been transplanted for refractory ventricular tachycardia or ventricular

fibrillation in the absence of severe heart failure. Patients with primary cardiac tumors

without metastasis such as sarcomas have been treated with transplantation successfully

(7,8). Endocarditis refractory to medical and surgical therapy may result in sufficient

undermining of cardiac integrity that orthotopic heart transplantation is necessary,

despite obvious infectious risk from immunosuppression (9–11).

EVALUATION OF SEVERITY AND PROGNOSIS OF CHRONIC HF:
IS THIS PATIENT’S PROGNOSIS POOR ENOUGH TO REQUIRE
TRANSPLANTATION?

Patients undergoing heart transplantation in the current era experience a survival to

one year of 83% with a median survival of 9.4 yr (96) (6). The selection of patients

for cardiac transplantation requires a comparable mortality risk in the absence of

transplantation. Given the shortage of available donors and the allocation scheme of the

United Network for Organ Sharing (www.unos.org), the mortality risk of individuals

transplanted is higher in the short term (3–6 mo) (see discussion in "Outcomes on waitlist

for TXP" and Fig. 5 below). The severity of disease in a patient with heart failure can be

assessed by symptoms or objective non-invasive and invasive testing.

Symptoms

All patients undergoing heart transplantation for heart failure have advanced

symptoms. The most recent revision of the New York Heart Association functional

classification scheme of cardiac symptomatology (12) classified patients based on the

presence of limiting symptoms of cardiac disease with ordinary (II), less than ordinary

(III), and minimal exertion or at rest (IV). While subjective, and with modest

inter-observer reproducibility (13), the NYHA classification scheme is predictive of

mortality and is frequently used by cardiologists to classify the functional limitation

experienced by a patient (14). Most patients undergoing transplantation have advanced

NYHA class III or IV heart failure symptoms. Alternative systems have been

developed to quantify functional limitation or quality of life (13,15). In addition, the

joint American College of Cardiology/American Heart Association consensus guideline

from 2002 proposed a new classification scheme of the stages of heart failure

ranging from A through D (16). Those patients evaluated for cardiac transplantation

fall into stage C (symptomatic heart failure managed with medication) and stage D

(advance heart failure symptoms leading to frequent hospitalizations for inotropic or

mechanical support) (16). Beyond the patient’s “baseline” functional capacity, the

development of acutely decompensated heart failure requiring admission has been used

as a correlate of symptom status and may contribute to the overall mortality risk

assessment (17–19).

Resting Echocardiography

Resting left ventricular ejection fraction can be determined non-invasively by

echocardiography, as well as radionuclide ejection fraction and magnetic resonance

imaging. While its quantification can be imprecise, it stands as a powerful predictor of

mortality in patients with heart failure (20–26). Generally, severe symptoms of heart
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failure refractory to medical therapy do not result unless the ejection fraction is less than

20–25% in predominantly systolic dysfunction patients. However, many patients with low

ejection fractions have excellent functional capacities or a very stable pattern of heart

failure despite lack of improvement in ejection fraction with maximal medical and device

therapy. The resting ejection fraction does not quantify the limitation to exertion that

a patient’s symptoms may suggest.

Beyond left ventricular ejection fraction, left ventricular end-diastolic dimension

or volume has been shown to predict mortality in some heart failure studies (27–31). In a

study by Grayburn et al. of multiple echocardiographic predictors of mortality in patients

with left ventricular systolic dysfunction, only left ventricular end-diastolic volume

indexed to body surface area O120 mL/m2 was a significant predictor of mortality on

multivariable analysis (27).

Additionally, echocardiography right ventricular function and estimated pulmonary

arterial systolic pressure can be assessed with severe mitral regurgitation and evidence of

aneurysmal dilation of the left ventricular apex may identify individuals whose clinical

state can be significantly improved with surgery.

Cardiopulmonary Exercise Testing

Cardiopulmonary exercise testing allows the quantification of functional limitation and

the assessment of hemodynamic derangements that contribute to exercise limitation.

In addition, cardiopulmonary exercise testing can distinguish a cardiac, pulmonary and

skeletal muscular limit to exercise. At a minimum, cardiopulmonary exercise involves

bicycle or treadmill exercise in a continuous incremental fashion until a functional limit is

reached with electrocardiographic, non-invasive blood pressure and arterial pulse oxygen

saturation monitoring. Additional analysis of inspired oxygen and expired carbon dioxide

allows assessment of the peak oxygen consumption (VO2 maximum) at the anaerobic

threshold and at peak exercise, and the relative contribution of respiratory limitation to

exercise. Maximum oxygen consumption is most significantly limited in patients with

heart failure by the ability to augment cardiac output, although disordered skeletal muscle

energy utilization and restrictive, obstructive, and diffusion limitations to pulmonary

function may contribute to effort intolerance. As shown originally by Mancini et al.,

a maximum VO2 achieved during graded exercise is a strong independent predictor

of mortality in patients with heart failure (Fig. 1) (32).

Historically, maximum VO2 levels less than 10–14 cc/kg/min have portended

a significantly increased risk of dying in the intermediate term, although specific cut-offs

are not clearly supported by the literature (14,20,24,25,32–34). However, in the current era

of medical therapy including beta adrenergic blocking agents, cut-offs developed in heart

failure patients at earlier times may be inappropriate (34,35). As shown by O’Neill et al. in

2105 patients with ejection fraction less than 35% and symptomatic heart failure referred

for cardiopulmonary exercise testing, peak oxygen consumption less than 14 cc/kg/min

continues to predict increased mortality in the patients using beta blocking agents (34).

However, the absolute mortality risk in these patients is lower, suggesting that using a

lower threshold of peak oxygen consumption in the decision to list a patient as a transplant

recipient may be appropriate in patients treated with beta blockers (Fig. 2) (34). Some

studies have also examined the percentage of predicted VO2 maximum achieved, adjusted

for gender, age, height and weight, as a prognostic factor, which may be more important in

women and individuals at the extremes of body mass distribution (36,37).

Pulmonary arterial catheter use during cardiopulmonary excercise testing allows

assessment of right and left ventricular filling pressures, pulmonary pressures, and cardiac
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output during exercise. Significant increases in pulmonary pressures during exercise may

suggest the functional importance of mitral regurgitation and candidacy for mitral valve

surgery. First-pass radionuclide imaging or simultaneous echocardiography allows the

quantification of right and left ventricular ejection fraction at rest and during exercise. In

a study by DiSalvo et al. of 67 patients with severe heart failure due to left ventricular

systolic dysfunction undergoing cardiopulmonary exercise testing with radionuclide

imaging, a right ventricular ejection fraction less than 35% was a strong predictor of
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mortality (Fig. 3) (38). Lastly, arterial cannulation can allow for monitoring of blood gas

and lactate generation during cardiopulmonary exercise testing.

Cardiac Catheterization

Pulmonary arterial catheterization allows quantification of right and left ventricular filling

pressures, cardiac output, and severity of pulmonary hypertension and pulmonary vascular

resistance. Because of their strong dependence on volume status, pharmacotherapy and

device therapy, no discrete cut-offs of resting cardiac output or filling pressures exist to

suggest greater benefit of cardiac transplantation. However, Stevenson et al. have shown

that patients attaining a pulmonary capillary wedge pressure (PCWP) less than or equal to

16 mmHg after maximal medical intervention have a one-year survival of 83% compared

to 38% in those with PCWP greater than 16 mmHg (39). In addition, pulmonary

hypertension can adversely influence intermediate term prognosis. However, pulmonary

hypertension when irreversible is more important as a marker of increased risk of peri-

operative mortality in the patient undergoing transplantation and thus can represent

a cardiac contraindication to transplantation in a patient in whom it might otherwise be

indicated (vide infra).

Risk Prediction in the Individual Patient

The estimation of short- and intermediate-term mortality risk without cardiac

transplantation most commonly includes incorporation of subjective and quantitative

information about functional capacity, objective resting left ventricular performance, and

hemodynamics measured at right heart catheterization, as well as other biochemical and

epidemiological data (5,40–45). However, the estimation of mortality risk in an individual

is different than the identification of statistically significant predictors in multi-variable

modeling in large numbers of patients. The discrimination between high-risk and low-risk

can be imprecise; but the development of predictive algorithms to allow more informed

discussion with patients of risks and benefits would be welcome. Ultimately, the patient’s

cardiologist must integrate disparate pieces of clinical data to make an informed

determination of the relative risks and potential benefits of cardiac transplantation.
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Figure 3 Survival in 67 patients with advanced heart failure undergoing cardiopulmonary

exercise testing stratified by right ventricular ejection fraction !35% (solid) or R35% (dotted).

Source: Adapted from Ref. 3.
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TIMING OF REFERRAL TO TRANSPLANT CENTER

A cardiologist should consider referral of the patient with severe heart failure symptoms

whose functional capacity has worsened to NYHA late class III or class IV, or who

experiences repeated exacerbations of acutely decompensated heart failure despite

maximal medical, surgical, and device therapy. Evaluation of an outpatient’s candidacy

for cardiac transplantation takes time and effort on the part of the patient and the transplant

team evaluating each patient. Many transplant centers have active research protocols for

patients with advanced heart failure that may be considered for patients waiting for

transplant as the wait for a suitable donor can be prolonged. Furthermore, the patient

should have the opportunity to learn about the rigors of life while awaiting and following

transplantation, allowing them to make an informed decision regarding their treatment.

Cardiologists and cardiac surgeons should consider involving a transplant

cardiologist in the preoperative assessment of a patient at high risk for right ventricular

or left ventricular failure complicating surgery. While most such patients can be supported

through the peri-operative period with drug and mechanical therapies, the patient who

fails to wean from cardiopulmonary bypass because of right or left heart failure may be

a candidate for cardiac transplantation. Typically, only limited pre-operative testing for

absolute contraindications to cardiac transplantation is appropriate. As more patients

with left ventricular assist devices can go home with the device as destination therapy,

the importance of assessing candidacy for transplantation in the pre-operative setting

may decline (46).

CONTRAINDICATIONS TO CARDIAC TRANSPLANTATION

As the survival of patients undergoing cardiac transplantation has improved owing to

improved surgical and immunosuppressive approaches, many patients with historical

contraindications to transplantation have successfully undergone transplantation. Most

contraindications to transplantation can therefore be viewed as relative and the patient’s

overall burden of comorbidities must be considered in its entirety for each individual

patient. Some comorbid conditions may complicate the immediate peri-operative period,

some may progress more rapidly as a side effect of the medical regimens in the post-

transplant patient, and some may introduce a major non-cardiac limit to the functional

status of the transplant recipient. Absolute contraindications to transplantation include any

advanced non-cardiac disease with a high risk of mortality within one year. We consider in

turn below the major relative contraindications to cardiac transplantation (Table 1).

Infections

Uncontrolled chronic infections with agents such as the human immunodeficiency virus,

hepatitis C virus, and tuberculosis may have an explosive progression under the marked

immunosuppression of the early post-transplant period and pose a significant risk of

early mortality. HIV-positive patients treated with highly-active antiretroviral therapy

have progressively improving prognoses and may develop non-opportunistic causes of

morbidity and mortality including coronary artery disease or dilated cardiomyopathy.

While some have considered the transplantation of patients with very low viral loads and

high T-cell counts, most transplantation programs in the United States consider HIV

infection a strong contraindication to heart transplantation (47).
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Some patients with chronic hepatitis C have been successfully transplanted, but total

mortality may be increased (48–51). Patients require attention to liver function tests and

hepatitis C viral loads and may benefit from therapy with ribavirin and interferon. Liver

transplant recipients with hepatitis C infection have comparable 5 year graft and individual

survival rates to the non-hepatitis C population, although increased rates of viremia, graft

injury, and cirrhosis have been reported (52). Candidacy of HCV-infected patients varies by

transplant program, but it appears that some individuals with evidence of suppressed viral

replication either with or without antiviral therapy may be successfully transplanted (48–51).

Heart transplant recipients have an increased risk of primary or reactivation

tuberculosis. Experience transplanting patients with a history of active, treated

tuberculosis is limited. Testing of individuals from endemic areas with intradermal

tuberculin and chest x-ray and antibiotic prophylaxis or preemptive treatment of

individuals with evidence of prior exposure is prudent. Close surveillance in the post-

transplant period is also clearly warranted. Thus, the advent of highly active treatments for

chronic infections has improved the candidacy of many patients with viral and

mycobacterial disease that were previously thought not eligible to be cardiac

transplant recipients.

Chagas disease, caused by infection with the parasite Trypanosoma cruzi

transmitted by the reduviid bug, can cause an acute myocarditis and later chronic

congestive heart failure. The treatment of severe chagasic cardiomyopathy with

transplantation remains controversial. Recurrent chagasic myocarditis, increased rates

of rejection, and possibly higher rate of post-transplant malignancy have all been reported

(53–55). The role of specific antiparasitic therapy has not been defined but is commonly

employed in patients undergoing transplantation.

History of exposure to cytomegalovirus, Toxoplasma gondii, Treponema pallidum,

varicella zoster virus, or Ebstein-Barr virus as detected by positive serology may alter the

risk for complications of transplantation. However, they are not relative contraindications

to transplantation as effective prophylactic and therapeutic treatments exist for some and

the likelihood of reactivation after transplantation for others is limited.

Pulmonary Hypertension

The donor heart, which undergoes an ischemic time from explantation to implantation in

the recipient, often experiences an acute decline in right and left myocardial performance.

Elevated pulmonary vascular resistance in the recipient may present an intolerable

Table 1 Relative Contraindications to Transplantation

Chronic infection

Pulmonary hypertension

Respiratory insufficiency

Peripheral vascular disease

Hepatic dysfunction

Renal dysfunction

Diabetes

Obesity

Recent malignancy

Osteoporosis, severe

Substance abuse, active or recent

Inadequate cognitive and social support

Advanced age
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afterload to the post-ischemic right ventricle resulting in right ventricular failure in the

peri-transplant period. Many patients with elevated left atrial pressure have “reactive”

pulmonary hypertension with increased pulmonary vascular resistance, which falls with a

reduction in left atrial pressure, as occurs with diuresis or following transplantation.

A patient whose pulmonary vascular resistance remains elevated despite an optimized left

ventricular filling pressure has a higher likelihood of early mortality in the peri-transplant

period (56,57).

Vasodilator agents can be useful both prognostically and therapeutically in the peri-

operative period. Pulmonary vascular resistance of greater than 5 Wood units

(O400 dyne*sec/cmK5) that fails to fall below 2.5 Wood units with intravenous

nitroprusside or that falls only with excessive systemic hypotension (systolic arterial

pressure !85 mmHg) identifies an individual with a significantly increased peri-operative

mortality and thus represents a strong contraindication to transplantation (58). Inhaled

nitric oxide is particularly useful both in evaluation of the potential transplant candidate

and in their peri-operative care because of its minimal effect on systemic blood pressure

(by contrast to nitroprusside), although it is important to recognize its potential to increase

left ventricular filling pressures, likely related to selective pulmonary vasodilation without

a reduction in left ventricular afterload (Fig. 4) (59,60).

Pulmonary Disease

Patients with respiratory insufficiency may have difficulty weaning from the ventilator in

the peri-operative period and may have a sustained functional limitation, despite receipt of

a functioning allograft. Intrinsic lung disease, due to chronic obstructive pulmonary

disease or less commonly amiodarone toxicity, can be found in many patients evaluated

for transplantation (61). Distinguishing intrinsic pulmonary dysfunction from that due to

increased pulmonary fluid in chronic heart failure is crucial. Increased lung water can

contribute to restrictive and obstructive patterns as well as a diffusion abnormality (61).

Ideally, pulmonary function testing is performed after left atrial pressure has

been optimized with diuresis. Computed tomographic chest radiography can assist
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80 ppm inhaled nitric oxide to the change in pulmonary vascular resistance one week after cardiac

transplantation. The preoperative response to inhaled nitric oxide is strongly predictive of the early

post-transplant pulmonary vascular resistance (r2Z0.68, p!0.05). Source: Adapted from Ref. 59.
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in the qualitative assessment of the burden of pulmonary fibrosis or emphysema. In

general, patients can tolerate a decline in FEV1 to below 40–50% predicted and still wean

successfully from the ventilator, making pulmonary insufficiency only a modest relative

contraindication to transplantation (62). Consultation with a pulmonologist and repeating

pulmonary function testing after appropriate therapy with bronchodilators and anti-

inflammatory agents can be important in the apparently marginal candidate. Lastly, recent

pulmonary embolism requires aggressive pursuit and treatment of the underlying

thrombotic risk and, in the case of infarction, postponement of transplantation, because

of the risk of hemorrhage on cardiopulmonary bypass or abscess formation in the

immunocompromised post-transplant patient (63).

Non-cardiac Vascular Disease

Given the large fraction of patients referred for transplantation with end-stage

atherosclerotic coronary disease, the identification of peripheral vascular disease is an

important consideration in the patient being evaluated for transplantation. Moreover,

immunosuppressive regimens including calcineurin inhibitors, such as cyclosporine and

tacrolimus, and chronic steroid use can contribute to progression of atherosclerotic disease

diffusely. Severe cerebrovascular disease must be corrected surgically or percutaneously

before transplantation to reduce the risk of peri-operative stroke. Severe lower extremity

vascular disease can result in impaired healing of lower extremity trauma and result in

chronic infection in the immunosuppressed patient. Adequate vascular supply to the lower

extremities should be restored prior to transplantation. A history of revascularization

surgery does not contraindicate cardiac transplantation.

Hepatic Dysfunction

Passive hepatic congestion may result in abnormal liver function that is readily reversible

after the restoration of normal hemodynamics following transplantation. However, primary

liver dysfunction, as may occur with hemochromatosis or chronic severe right heart failure,

may result in irreversible cirrhosis. The presence of cirrhosis on biopsy with abnormal liver

function is a contraindication to cardiac transplantation because of the risk of peri-operative

hemorrhage from porto-systemic varices and represents a major barrier to adequate

nutrition and resistance to infection in the post-transplant period. Whether patients with

compensated cirrhosis have good outcomes following cardiac transplantation is not known.

Combined heart-liver transplantation has been carried out in select patients (64). Additional

risks exist of abnormal metabolism of medications following transplantation, such as

cyclosporine (65), in patients with abnormal liver function.

Renal Dysfunction

Historically, renal dysfunction was considered a strong contraindication to cardiac

transplantation because of the risk of progressive renal functional deterioration on long-

term calcineurin inhibitors and the infection risks associated with frequent vascular

access (66,67). However, simultaneous cardiac and heterotopic kidney transplantation has

removed the barrier to transplant of renal dysfunction (68). A creatinine clearance less than

20–30 mL/min is considered an indication for combined heart-kidney transplantation.

Lesser degrees of renal insufficiency are associated with increased risk of end-stage renal

disease and of mortality following transplantation (6,66,67). Predictors of progression to
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end-stage renal disease include glomerular filtration rate less than 50 ml/min, older age at

transplantation and elevated early cyclosporine levels, and diabetes (66,67,69–72).

Diabetes

As a major contributor to clinical atherosclerosis and owing to the rise in obesity in

industrialized nations, diabetes is present in 19.3% of recent heart transplant recipients (6).

While calcineurin inhibitors and prednisone can increase insulin resistance, well-controlled

diabetes is not a significant barrier to successful cardiac transplantation. End-organ

dysfunction, such as severe retinopathy or neuropathy, is a relative contraindication to

transplantation but the major concern is for severe small vessel disease contributing to

poorly healing lower extremity ulcers. Diabetic transplant recipients are at higher risk of

serious infection, especially in the early post-operative period when immunosuppression is

most intense (73). Consultation of a diabetologist can be invaluable in the management

of the diabetic patient awaiting and following cardiac transplantation.

Obesity

Given the consistent trend of increasing in body mass index throughout the developed and

developing worlds, it is no surprise that overweight or obesity are found in 25% patients

considered for heart transplant (74). No clear thresholds exist at which transplantation is not

performed but a minority of patients with body mass index greater than 35 kg/m2 are

transplanted at programs in the United States. Weight gain following cardiac

transplantation, in part secondary to chronic steroid use, is common and is a potent risk

factor for the development of diabetes. Pre-operative obesity is associated with increased

rates of infection and mortality post-transplant (74,75). Moreover, the identification of a

heart from a donor of adequate size can increase time on the waitlist and donor-recipient size

mismatch can impair post-operative outcomes. An undersized heart (donor body weight less

than z80% that of recipient) may result in a restrictive hemodynamic pattern, requiring

higher heart rates and filling pressures to maintain a normal cardiac index, but it is not clear

that this translates into a significant limitation to exercise (57,76,77). An undersized heart

poses a particular risk in the presence of significant pulmonary hypertension in the peri-

operative period, as the post-ischemic right ventricle faces significant afterload and the need

for an adequate stroke volume. Weight loss while awaiting transplantation can significantly

reduce the risk of morbidity following transplantation.

Age

There is no clear age above which cardiac transplantation is not performed. Age is both

a surrogate for many of the degenerative disorders that can complicate transplantation and

a strong risk factor for death. The median survival by age group in the most recent registry

data from the International Society for Heart and Lung Transplantation was 11.5 years for

those 18–34 years old, 10.1 years for those 35–49 years old, 8.9 years for those

50–64 years old, 8.1 years for those 65–69 years old and 5.9 years for those 70 years

and older (96) (6). Historically, programs rarely transplant patients over age 65 years.

However, patients older than 65 years with few other comorbidities have been

increasingly transplanted in the past several years and represent a large pool of potential

transplant recipients. In the ISHLT registry data from 2000–2003 the age distribution

among adult transplant recipients was 18–34 (10.1%), 35–49 (25.6%), 50–64 (54.8%), and

65C(9.5%) (96) (6).
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Malignancy

Immunosuppression removes an important check on the proliferation of potentially

malignant cells. Patients with active malignancy are not transplanted. Patients with

apparent cure from a malignancy in the past five years have a relative contraindication to

transplantation. The risk of relapse for certain cancers such as Hodgkin’s lymphoma or

non-melanomatous skin cancers may decline earlier than five years, while for other

cancers such as breast cancer later relapses may be more common. Active screening for

malignancy is an important part of the pre- and post-transplantation evaluation.

Aggressive efforts to biopsy suspicious lesions should be carried out to avoid early

death in the period immediately after transplantation during which immunosuppression is

most intense.

Amyloidosis

Historically, cardiac amyloidosis, most commonly secondary to a sporadic plasma cell

dyscrasia (light chain disease), has been considered a strong contraindication to cardiac

transplantation (78,79). Because the underlying plasma cell dyscrasia and production of

amyloidogenic light chain are not corrected by cardiac transplantation, increased

intermediate term mortality from recurrent cardiac and or progressive of systemic

amyloid have been limiting factors (80,81). Systemic amyloidosis has been treated with

chemotherapy and autologous stem cell rescue, but this treatment is poorly tolerated in

patients with cardiac amyloid at presentation because of its rapid progression and the

patients’ inability to tolerate anti-plasma cell treatment (82). Some centers, including our

own, have begun staged cardiac transplantation in an attempt to stabilize the patient for

potentially curative eradication of the underlying plasma cell dyscrasia with subsequent

chemotherapy and autologous stem cell rescue (83). In our consecutive series of 5 patients

with light-chain amyloid and one with a transthyretin mutation, cardiac transplantation

was followed by chemotherapy and stem cell rescue (or liver transplantation for the patient

with transthyretin mutation) a median of 7.5 mo later (84). In median follow-up of 21 mo

(3–53 mo), all patients are alive with New York Heart Association functional class I

symptoms, without extracardiac amyloid-related organ dysfunction or cardiac amyloid on

routine right ventricular biopsies. Reactivation of cytomegalovirus in those with pre-

transplant exposure was common following chemotherapy (84). Longer follow-up is

required. Interestingly, the recent treatment of a patient with cardiac amyloid with

successful heart transplantation followed by allogeneic bone marrow transplantation to

induce mixed chimerism and a graft-versus-plasma-cell response may further expand

therapeutic options for a disease with an otherwise dismal prognosis (85).

Ability to Comply with Complex Medical Care

Several social and inadequate cognitive factors must be in place for the care of the pre- and

post-transplant patient. The transplant recipient must understand a complex medical

regimen and bring to the attention of the transplant team worrisome symptoms that often

require thorough evaluation. Failure to comply with the complex post-transplant regimen

can result in rejection or overwhelming opportunistic infection. Patients must have

a support system in place to assist in their care at times of illness. Uncontrolled psychiatric

disease or substance abuse can lead to an impaired ability to participate actively in the self-

care required of a transplant recipient. Full evaluation by a psychiatrist and social worker

is important in order to identify the at-risk patient. Active dependence on mind-altering
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substances (such as alcohol or cocaine) is a strong contraindication to transplantation.

Active tobacco use, because of its strong interaction with immunosuppression and

tumorigenesis, is also a strong contraindication to transplant.

Osteoporosis

Cardiac transplant candidates have a high rate of osteopenia and osteoporosis (86–88).

The combination of lack of weight-bearing exercise, chronic calcium wasting from loop

diuretics, and renal insufficiency are likely contributors (89). Moreover, chronic

glucocorticoid and cyclosporine use contribute to further bone demineralization post--

transplant. Identification of the at-risk patient prior to transplant allows for the prophylactic

administration of calcium, vitamin D, and bisphosphonates as appropriate (90). Osteoporosis,

unless associated with multiple fractures, is rarely a major barrier to transplantation.

Diagnostic tests to identify potential contraindications to transplantation are listed

in Table 2.

IMPLICATIONS OF THE SYSTEM FOR ORGAN ALLOCATION

The number of potential organ recipients far exceeds the number of available organs.

As improvements in the surgical and medical care of the transplant patient continue, the

number of patients who would experience a functional and mortality benefit with

transplantation can only increase. The United Network for Organ Sharing (UNOS),

a private non-profit organization under contract with the federal government, provides

a uniform set of standards for the allocation of organs in the United States. UNOS policies

are open for public review and comment and are under federal oversight. This system

prioritizes the distribution of organs by blood group to the sickest heart failure patients

preferentially over those with chronic more compensated heart failure. UNOS status 1A

Table 2 Pre-transplant Evaluation for Potential Contraindications

Complete blood count

Prothrombin, activated partial thromboplastin time

BUN, creatinine

24 hour urine for protein, creatinine

Liver function tests

Fasting glucose, Hgb A1c if diabetic

HCV antibody

HBV surface antibody, surface antigen

HIV Ab

Pulmonary function testing, including DLCO

Carotid duplex ultrasound if clinical atherosclerosis, or age O40 years old

Abdominal ultrasound

PPD

Bone mineral density

PSA O40 years old

Mammogram O45 years old

Colonoscopy O50 years old (younger with 1st degree relative)

Psychiatry consultation

Social work consultation

Abbreviations: BUN, blood urea nitrogen; HCV, hepatitis C virus; HBV, hepatitis B virus; DLCO, diffusing

capacity of the lung for carbon monoxide; PPD, purified protein derivative; PSA, prostate-specific antigen.
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patients are hospitalized patients on a high dose of one or any doses of multiple vasoactive

medications with a pulmonary artery catheter, on an intra-aortic balloon pump or

mechanical ventilator, or who have had a ventricular assist device for less than 30 days

(may be home on a ventricular assist device). Status 1B patients are on a vasoactive

medication or have a ventricular assist device longer than 30 days. Status 2 patients

include all others. Organs are allocated in order of time on each category waitlist starting

with 1A patients by geographic region. The net effect of this allocation scheme and the

limited number of donor organs is that patients must become severely decompensated to

have a good chance of receiving a heart. Many patients die on the list despite not being

“sick” enough to be allocated an organ under this scheme. Other schemes might include

prioritization of transplanting patients who are less ill and who will potentially have a

lower morbidity or mortality following transplantation.

OUTCOMES ON WAITLIST FOR TRANSPLANT

The shortage of donor organs results in lengthy periods on the waitlist for cardiac

transplantation. Outcomes on the waitlist have been compared to outcomes after

transplantation to guide the development of the donor organ allocation scheme described

above. Recent data compiled by the United Network for Organ Sharing highlights the gap

between the improved survival following transplantation compared to continued medical

management (Fig. 5). While Status 1A patients receive an immediate survival benefit from

transplantation relative to continued “waiting,” Status 2 patients do not achieve this
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Figure 5 Hazard ratio for mortality for time periods after transplant compared to time on the

waitlist. A hazard ratio of less than 1.0 (gray line) represents a survival advantage of transplantation

compared to continued waiting. Note that status 1A transplant candidates (NZ1796) show

a statistically significant survival advantage starting at 2–4 wk (p!0.05). Status 1B candidates (NZ
1672) show a significant survival advantage at 1–3 mo. Status 2 candidates (NZ1105) do not

demonstrate a survival advantage until 3–6 mo and show significantly worse survival through the

first month. Time periods extend from 0–7, 7–14, 14–30, 30–90, 90–182, 182–365, O365 days.

Hazard ratios are plotted on a logarithmic scale. Source: Adapted from UNOS Public Comment

Notice, March 15, 2005.
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relative benefit until they have survived approximately 90 days after transplantation. Thus,

although Status 1 patients derive a more immediate survival benefit from transplantation,

there is little question that lower status patients also benefit and this must be taken into

account as organ allocation schemes are designed.

MANAGEMENT PRIOR TO TRANSPLANT

Patients waiting on the list for cardiac transplantation should receive optimal medical,

surgical and device therapies as reviewed elsewhere. In addition, patients should have

regular surveillance for the potential complications of heart failure or other comorbidities

that might preclude transplantation entirely. Right heart catheterization to screen for the

development of significant pulmonary hypertension should be performed periodically in

the stable outpatient or guided by change in clinical status. Patients require periodic

assessment of renal function to identify irreversible changes that might require

simultaneous kidney transplantation. Additionally, patients should be screened for the

development of antibodies to major histocompatability complex antigens, especially after

ventricular assist device implantation. The period after listing and prior to transplantation

is risky and cardiologists must approach such patients with vigilance.

CONCLUSION

The early identification of potential transplant candidates and referral for evaluation at

a transplant center, combined with improvements in medical and device therapies for

those awaiting transplant should continue to improve the functional status and survival of

the sickest heart failure patients.

APPENDIX A: DONOR IDENTIFICATION AND MANAGEMENT

At the time of determination of brain death, an individual who has previously expressed

a desire to be an organ donor or whose proxy consents to organ donation must be

screened for the appropriateness of organ donation. The ideal organ donor is young,

free of systemic disease, and has no structural heart disease. Major contraindications to

organ donation include infection with HIV, hepatitis C or hepatitis B virus, the

presence of malignancy, or of severe infection (91). Structural heart disease such as

severe left ventricular hypertrophy, coronary artery disease, intractable ventricular

tachycardia and severe left ventricular dysfunction absolutely preclude use of the organ

(91). Relative contraindications include prolonged CPR, carbon monoxide poisoning,

modest left ventricular hypertrophy and donor age greater than 55 yr old. Because of

the severe shortage of donors, some have advocated the use of a marginal recipient list

to whom hearts are allocated from marginal donors with relative contraindications

(92,93).

In some potential donors the left ventricular ejection fraction is depressed because

of the release of neurohumoral factors in the brain-dead patient. To improve the salvage

of hearts with an ejection fraction less than 45%, protocols have been developed to try to

reverse the neurohumoral derangements that contribute to reduced myocardial

performance (94). Administration of intravenous triiodothyroxine, arginine vasopressin,

steroids, and insulin can result in a significant improvement in ejection fraction allowing

the successful harvest and transplantation of these organs (95).

Cardiac Transplantation Candidates 505



REFERENCES

1. Keogh AM, Baron DW, Hickie JB. Prognostic guides in patients with idiopathic or ischemic

dilated cardiomyopathy assessed for cardiac transplantation. Am J Cardiol 1990;

65:903–908.

2. Steimle AE, Stevenson LW, Fonarow GC, Hamilton MA, Moriguchi JD. Prediction of

improvement in recent onset cardiomyopathy after referral for heart transplantation. J Am Coll

Cardiol March 1994; 23:553–559.

3. Cross AM, Jr., Steenbergen C, Higginbotham MB. Recovery of left ventricular function in

acute nonischemic congestive cardiomyopathy. Am Heart J 1995; 129:24–30.

4. McCarthy RE, III, Boehmer JP, Hruban RH, et al. Long-term outcome of fulminant

myocarditis as compared with acute (nonfulminant) myocarditis. N Engl J Med 2000;

342:690–695.

5. Fonarow GC, Adams KF, Jr., Abraham WT, Yancy CW, Boscardin WJ. Risk stratification for

in-hospital mortality in acutely decompensated heart failure: classification and regression tree

analysis. JAMA 2005; 293:572–580.

6. Taylor DO, Edwards LB, Boucek MM, Trulock EP, Keck BM, Hertz MI. The Registry of the

International Society for Heart and Lung Transplantation: twenty-first official adult heart

transplant report. J Heart Lung Transplant 2004; 23:796–803.

7. Koerner MM, Tenderich G, Minami K. Results of heart transplantation in patients with

preexisting malignancies. Am J Cardiol 1997; 79:988–991.

8. Rodriguez-Cruz E, Cintron-Maldonado RM, Forbes TJ. Treatment of primary cardiac

malignancies with orthotopic heart transplantation. Bol Asoc Med P R 2000; 92:65–71.

9. Blanche C, Freimark D, Valenza M, Czer LS, Trento A. Heart transplantation for Q fever

endocarditis. Ann Thorac Surg 1994; 58:1768–1769.

10. DiSesa VJ, Sloss LJ, Cohn LH. Heart transplantation for intractable prosthetic valve

endocarditis. J Heart Transplant 1990; 9:142–143.

11. Pulpon LA, Crespo MG, Sobrino M. Recalcitrant endocarditis successfully treated by heart

transplantation. Am Heart J 1994; 127:958–960.

12. The Criteria Committee of the New York Heart Association.. 9th ed Nomenclature and

Criteria for Diagnosis of Diseases of the Heart and Great Vessels. Boston, MA: Little,

Brown & Co, 1994.

13. Goldman L, Hashimoto B, Cook EF, Loscalzo A. Comparative reproducibility and validity of

systems for assessing cardiovascular functional class: advantages of a new specific activity

scale. Circulation 1981; 64:1227–1234.

14. Costanzo MR, Augustine S, Bourge R, et al. Selection and treatment of candidates for heart

transplantation. A statement for health professionals from the Committee on Heart Failure and

Cardiac Transplantation of the Council on Clinical Cardiology, American Heart Association.

Circulation 1995; 92:359–612.

15. Konstam V, Salem D, Pouleur H, et al. Baseline quality of life as a predictor of mortality and

hospitalization in 5025 patients with congestive heart failure. SOLVD Investigations. Studies

of Left Ventricular Dysfunction Investigators. Am J Cardiol 1996; 78:890–895.

16. Hunt SA, Baker DW, Chin MH, et al. ACC/AHA Guidelines for the Evaluation and

Management of Chronic Heart Failure in the Adult: Executive Summary A Report of the

American College of Cardiology/American Heart Association Task Force on Practice

Guidelines (Committee to Revise the 1995 Guidelines for the Evaluation and Management

of Heart Failure): Developed in Collaboration With the International Society for Heart and

Lung Transplantation; Endorsed by the Heart Failure Society of America. Circulation 2001;

104:2996–3007.

17. Felker GM, Leimberger JD, Califf RM, et al. Risk stratification after hospitalization for

decompensated heart failure. J Card Fail 2004; 10:460–466.

18. Cleland JG, Swedberg K, Follath F, et al. The EuroHeart Failure survey programme—a survey

on the quality of care among patients with heart failure in Europe. Part 1: patient characteristics

and diagnosis. Eur Heart J 2003; 24:442–463.

Newton-Cheh and Semigran506



19. Graff L, Orledge J, Radford MJ, Wang Y, Petrillo M, Maag R. Correlation of the Agency for

Health Care Policy and Research congestive heart failure admission guideline with mortality:

peer review organization voluntary hospital association initiative to decrease events

(PROVIDE) for congestive heart failure. Ann Emerg Med 1999; 34:429–437.

20. Likoff MJ, Chandler SL, Kay HR. Clinical determinants of mortality in chronic congestive

heart failure secondary to idiopathic dilated or to ischemic cardiomyopathy. Am J Cardiol

1987; 59:634–638.

21. Gottdiener JS, McClelland RL, Marshall R, et al. Outcome of congestive heart failure in elderly

persons: influence of left ventricular systolic function. The Cardiovascular Health Study. Ann

Intern Med 2002; 137:631–639.

22. Juilliere Y, Barbier G, Feldmann L, Grentzinger A, Danchin N, Cherrier F. Additional

predictive value of both left and right ventricular ejection fractions on long-term survival in

idiopathic dilated cardiomyopathy. Eur Heart J 1997; 18:276–280.

23. Bourassa MG, Gurne O, Bangdiwala SI, et al. Natural history and patterns of current practice in

heart failure. The Studies of Left Ventricular Dysfunction (SOLVD) Investigators. J Am Coll

Cardiol 1993; 22:9A–14A.

24. van den Broek SA, van Veldhuisen DJ, de Graeff PA, Landsman ML, Hillege H, Lie KI.

Comparison between New York Heart Association classification and peak oxygen

consumption in the assessment of functional status and prognosis in patients with mild to

moderate chronic congestive heart failure secondary to either ischemic or idiopathic dilated

cardiomyopathy. Am J Cardiol 1992; 70:359–363.

25. Cohn JN, Johnson GR, Shabetai R, et al. Ejection fraction, peak exercise oxygen consumption,

cardiothoracic ratio, ventricular arrhythmias, and plasma norepinephrine as determinants of

prognosis in heart failure. The V-HeFT VA Cooperative Studies Group. Circulation 1993;

87:V15–V16.

26. Bart BA, Shaw LK, McCants CB, Jr., et al. Clinical determinants of mortality in patients with

angiographically diagnosed ischemic or nonischemic cardiomyopathy. J Am Coll Cardiol

1997; 30:1002–1008.

27. Grayburn PA, Appleton CP, DeMaria AN, et al. Echocardiographic predictors of morbidity and

mortality in patients with advanced heart failure: the Beta-blocker Evaluation of Survival Trial

(BEST). J Am Coll Cardiol 2005; 45:1064–1071.

28. White HD, Norris RM, Brown MA, Brandt PW, Whitlock RM, Wild CJ. Left ventricular end-

systolic volume as the major determinant of survival after recovery from myocardial infarction.

Circulation 1987; 76:44–51.

29. St John SM, Pfeffer MA, Plappert T, et al. Quantitative two-dimensional echocardiographic

measurements are major predictors of adverse cardiovascular events after acute myocardial

infarction. The protective effects of captopril. Circulation 1994; 89:68–75.

30. St John SM, Pfeffer MA, Moye L, et al. Cardiovascular death and left ventricular remodeling

two years after myocardial infarction: baseline predictors and impact of long-term use of

captopril: information from the Survival and Ventricular Enlargement (SAVE) trial.

Circulation 1997; 96:3294–3299.

31. Koelling TM, Semigran MJ, Mijller-Ehmsen J, et al. Left ventricular end-diastolic volume

index, age, and maximum heart rate at peak exercise predict survival in patients referred for

heart transplantation. J Heart Lung Transplant 1998; 17:278–287.

32. Mancini DM, Eisen H, Kussmaul W, Mull R, Edmunds LH, Jr., Wilson JR. Value of peak

exercise oxygen consumption for optimal timing of cardiac transplantation in ambulatory

patients with heart failure. Circulation 1991; 83:778–786.

33. Roul G, Moulichon ME, Bareiss P, et al. Prognostic factors of chronic heart failure in NYHA

class II or III: value of invasive exercise haemodynamic data. Eur Heart J 1995; 16:1387–1398.

34. O’Neill JO, Young JB, Pothier CE, Lauer MS. Peak oxygen consumption as a predictor

of death in patients with heart failure receiving beta-blockers. Circulation 2005;

111:2313–2318.

35. Shakar SF, Lowes BD, Lindenfeld J, et al. Peak oxygen consumption and outcome in heart

failure patients chronically treated with beta-blockers. J Card Fail 2004; 10:15–20.

Cardiac Transplantation Candidates 507



36. Aaronson KD, Mancini DM. Is percentage of predicted maximal exercise oxygen consumption

a better predictor of survival than peak exercise oxygen consumption for patients with severe

heart failure? J Heart Lung Transplant 1995; 14:981–989.

37. Osada N, Chaitman BR, Miller LW, et al. Cardiopulmonary exercise testing identifies low risk

patients with heart failure and severely impaired exercise capacity considered for heart

transplantation. J Am Coll Cardiol 1998; 31:577–582.

38. Di Salvo TG, Mathier M, Semigran MJ, Dec GW. Preserved right ventricular ejection fraction

predicts exercise capacity and survival in advanced heart failure. J Am Coll Cardiol 1995;

25:1143–1153.

39. Stevenson LW, Tillisch JH, Hamilton M, et al. Importance of hemodynamic response

to therapy in predicting survival with ejection fraction less than or equal to 20% secondary to

ischemic or nonischemic dilated cardiomyopathy. Am J Cardiol 1990; 66:1348–1354.

40. Myers J, Gullestad L, Vagelos R, et al. Clinical, hemodynamic, and cardiopulmonary exercise

test determinants of survival in patients referred for evaluation of heart failure. Ann Intern Med

1998; 129:286–293.

41. Lee DS, Austin PC, Rouleau JL, Liu PP, Naimark D, Tu JV. Predicting mortality among

patients hospitalized for heart failure: derivation and validation of a clinical model. JAMA

2003; 290:2581–2587.

42. Bouvy ML, Heerdink ER, Leufkens HG, Hoes AW. Predicting mortality in patients with heart

failure: a pragmatic approach. Heart 2003; 89:605–609.

43. De MT, Goldman L. Predicting outcomes in severe heart failure. Circulation 1997;

95:2597–2599.

44. Cowie MR, Wood DA, Coats AJ, et al. Survival of patients with a new diagnosis of heart

failure: a population based study. Heart 2000; 83:505–510.

45. Mudge GH, Goldstein S, Addonizio LJ, et al. 24th Bethesda conference: Cardiac

transplantation. Task Force 3: Recipient guidelines/prioritization. J Am Coll Cardiol 1993;

22:21–31.

46. Rose EA, Gelijns AC, Moskowitz AJ, et al. Long-term mechanical left ventricular assistance

for end-stage heart failure. N Engl J Med 2001; 345:1435–1443.

47. Freudenberger RS, Boruchoff SE, Anderson MB. Policies of U.S. heart transplant programs

regarding transplantation of human immunodeficiency-positive patients. J Heart Lung

Transplant 2004; 23:785.

48. Lake KD, Smith CI, Milfred-La Forest SK, Pritzker MR, Emery RW. Outcomes of hepatitis C

positive (HCVC) heart transplant recipients. Transplant Proc 1997; 29:581–582.

49. Lake KD, Smith CI, LaForest SK, Allen J, Pritzker MR, Emery RW. Policies regarding the

transplantation of hepatitis C-positive candidates and donor organs. J Heart Lung Transplant

1997; 16:917–921.

50. Lunel F, Cadranel JF, Rosenheim M, et al. Hepatitis virus infections in heart transplant

recipients: epidemiology, natural history, characteristics, and impact on survival. Gastro-

enterology 2000; 119:1064–1074.

51. Castella M, Tenderich G, Koerner MM, et al. Outcome of heart transplantation in patients

previously infected with hepatitis C virus. J Heart Lung Transplant 2001; 20:595–598.

52. Gane EJ, Portmann BC, Naoumov NV, et al. Long-term outcome of hepatitis C infection after

liver transplantation. N Engl J Med 1996; 334:815–820.

53. de CV, Sousa EF, Vila JH, et al. Heart transplantation in Chagas’ disease 10 years after the

initial experience. Circulation 1996; 94:1815–1817.

54. Bocchi EA, Bellotti G, Mocelin AO, et al. Heart transplantation for chronic Chagas’ heart

disease. Ann Thorac Surg 1996; 61:1727–1733.

55. Bocchi EA, Higuchi ML, Vieira ML, et al. Higher incidence of malignant neoplasms after heart

transplantation for treatment of chronic Chagas’ heart disease. J Heart Lung Transplant 1998;

17:399–405.

56. Griepp RB, Stinson EB, Dong E, Jr., Clark DA, Shumway NE. Determinants of operative risk

in human heart transplantation. Am J Surg 1971; 122:192–197.

Newton-Cheh and Semigran508



57. Young JB, Naftel DC, Bourge RC, et al. Matching the heart donor and heart transplant

recipient. Clues for successful expansion of the donor pool: a multivariable, multiinstitutional

report. The Cardiac Transplant Research Database Group. J Heart Lung Transplant 1994;

13:353–364.

58. Costard-Jackle A, Hill I, Schroeder JS, Fowler MB. The influence of preoperative patient

characteristics on early and late survival following cardiac transplantation. Circulation 1991;

84:III329–III337.

59. Semigran MJ, Cockrill BA, Kacmarek R, et al. Hemodynamic effects of inhaled nitric oxide in

heart failure. J Am Coll Cardiol 1994; 24:982–988.

60. Loh E, Stamler JS, Hare JM, Loscalzo J, Colucci WS. Cardiovascular effects of inhaled nitric

oxide in patients with left ventricular dysfunction. Circulation 1994; 90:2780–2785.

61. Wright RS, Levine MS, Bellamy PE, et al. Ventilatory and diffusion abnormalities in potential

heart transplant recipients. Chest 1990; 98:816–820.

62. Bussieres LM, Cardella CJ, Daly PA, David TE, Feindel CM, Rebuck AS. Relationship

between preoperative pulmonary status and outcome after heart transplantation. J Heart

Transplant 1990; 9:124–128.

63. Young JN, Yazbeck J, Esposito G, Mankad P, Townsend E, Yacoub M. The influence of acute

preoperative pulmonary infarction on the results of heart transplantation. J Heart Transplant

1986; 5:20–22.

64. Tazbir JS, Cronin DC. Indications, evaluations, and postoperative care of the combined liver-

heart transplant recipient. AACN Clin Issues 1999; 10:240–252.

65. Burckart GJ, Venkataramanan R, Ptachcinski RJ, et al. Cyclosporine pharmacokinetic profiles

in liver, heart, and kidney transplant patients as determined by high-performance liquid

chromatography. Transplant Proc 1986; 18:129–136.

66. Lindelow B, Bergh CH, Herlitz H, Waagstein F. Predictors and evolution of renal

function during 9 years following heart transplantation. J Am Soc Nephrol 2000;

11:951–957.

67. Rubel JR, Milford EL, McKay DB, Jarcho JA. Renal insufficiency and end-stage renal disease

in the heart transplant population. J Heart Lung Transplant 2004; 23:289–300.

68. Narula J, Bennett LE, DiSalvo T, Hosenpud JD, Semigran MJ, Dec GW. Outcomes in

recipients of combined heart-kidney transplantation: multiorgan, same-donor transplant study

of the International Society of Heart and Lung Transplantation/United Network for Organ

Sharing Scientific Registry. Transplantation 1997; 63:861–867.

69. Parameshwar J, Schofield P, Large S. Long-term complications of cardiac transplantation.

Br Heart J 1995; 74:341–342.

70. van GT, Balk AH, Zietse R, Hesse C, Mochtar B, Weimar W. Renal insufficiency after heart

transplantation: a case-control study. Nephrol Dial Transplant 1998; 13:2322–2326.

71. Sehgal V, Radhakrishnan J, Appel GB, Valeri A, Cohen DJ. Progressive renal insufficiency

following cardiac transplantation: cyclosporine, lipids, and hypertension. Am J Kidney Dis

1995; 26:193–201.

72. Tinawi M, Miller L, Bastani B. Renal function in cardiac transplant recipients: retrospective

analysis of 133 consecutive patients in a single center. Clin Transplant 1997; 11:1–8.

73. Marelli D, Laks H, Patel B, et al. Heart transplantation in patients with diabetes mellitus in the

current era. J Heart Lung Transplant 2003; 22:1091–1097.

74. Grady KL, White-Williams C, Naftel D, et al. Are preoperative obesity and cachexia

risk factors for post heart transplant morbidity and mortality: a multi-institutional study of

preoperative weight–height indices. Cardiac Transplant Research Database (CTRD) Group.

J Heart Lung Transplant 1999; 18:750–763.

75. Lietz K, John R, Burke EA, et al. Pretransplant cachexia and morbid obesity are predictors

of increased mortality after heart transplantation. Transplantation 2001; 72:277–283.

76. Hosenpud JD, Pantely GA, Morton MJ, Norman DJ, Cobanoglu AM, Starr A. Relation between

recipient: donor body size match and hemodynamics three months after heart transplantation.

J Heart Transplant 1989; 8:241–243.

Cardiac Transplantation Candidates 509



77. Morley D, Boigon M, Fesniak H, et al. Posttransplantation hemodynamics and exercise

function are not affected by body-size matching of donor and recipient. J Heart Lung

Transplant 1993; 12:770–778.

78. Falk RH, Comenzo RL, Skinner M. The systemic amyloidoses. N Engl J Med 1997;

337:898–909.

79. Merlini G, Bellotti V. Molecular mechanisms of amyloidosis. N Engl J Med 2003;

349:583–596.

80. Hosenpud JD, DeMarco T, Frazier OH, et al. Progression of systemic disease and reduced long-

term survival in patients with cardiac amyloidosis undergoing heart transplantation. Follow-up

results of a multicenter survey. Circulation 1991; 84:III338–III343.

81. Dubrey SW, Burke MM, Khaghani A, Hawkins PN, Yacoub MH, Banner NR. Long

term results of heart transplantation in patients with amyloid heart disease. Heart 2001;

85:202–207.

82. Saba N, Sutton D, Ross H, et al. High treatment-related mortality in cardiac amyloid patients

undergoing autologous stem cell transplant. Bone Marrow Transplant 1999; 24:853–855.

83. Mohty M, Albat B, Fegueux N, Rossi JF. Autologous peripheral blood stem cell transplantation

following heart transplantation for primary systemic amyloidosis. Leuk Lymphoma 2001;

41:221–223.

84. Sudhakar SS, Bimalangshu DR, Falk RH, et al. Orthotopic heart transplantation in patients with

cardiac amyloidosis. J Heart Lung Transplant 2005; 24:S122–S123.

85. Thaunat O, Alyanakian MA, Varnous S, et al. Long-term successful outcome of sequential

cardiac and allogeneic bone marrow transplantations in severe AL amyloidosis. Bone Marrow

Transplant 2005; 35:419–420.

86. Lee AH, Mull RL, Keenan GF, et al. Osteoporosis and bone morbidity in cardiac transplant

recipients. Am J Med 1994; 96:35–41.

87. Berguer DG, Krieg MA, Thiebaud D, et al. Osteoporosis in heart transplant recipients:

a longitudinal study. Transplant Proc 1994; 26:2649–2651.

88. Glendenning P, Kent GN, Adler BD, et al. High prevalence of osteoporosis in cardiac

transplant recipients and discordance between biochemical turnover markers and bone

histomorphometry. Clin Endocrinol (Oxf) 1999; 50:347–355.

89. Kerschan-Schindl K, Strametz-Juranek J, Heinze G, et al. Pathogenesis of bone loss in heart

transplant candidates and recipients. J Heart Lung Transplant 2003; 22:843–850.

90. Braith RW, Magyari PM, Fulton MN, Aranda J, Walker T, Hill JA. Resistance exercise training

and alendronate reverse glucocorticoid-induced osteoporosis in heart transplant recipients.

J Heart Lung Transplant 2003; 22:1082–1090.

91. Baldwin JC, Anderson JL, Boucek MM, et al. Twenty fourth Bethesda conference: Cardiac

transplantation. Task Force 2: Donor guidelines. J Am Coll Cardiol 1993; 22:15–20.

92. Marelli D, Laks H, Patel B, et al. Heart transplantation in patients with diabetes mellitus in the

current era. J Heart Lung Transplant 2003; 22:1091–1097.

93. Johannes L. Double standard: For some transplant patients, diseased hearts are lifesavers.

Surgeons enlist elderly, sick to receive inferior organs; the new ethical issues facing a risk of

hepatitis C. Wall Street J 2005; 14:A1.

94. Wood KE, Becker BN, McCartney JG, D’Alessandro AM, Coursin DB. Care of the potential

organ donor. N Engl J Med 2004; 351:2730–2739.

95. Zaroff JG, Rosengard BR, Armstrong WF, et al. Consensus conference report: maximizing use

of organs recovered from the cadaver donor: cardiac recommendations, March 28–29, (2001),

Crystal City, Va. Circulation 2002; 106:836–841.

96. www.ishlt.org/registries.

Newton-Cheh and Semigran510



PART V: PSYCHOSOCIAL ISSUES

28
Education, Psychosocial Issues, and
Sociodemographic Barriers in Heart
Failure Disease Management

Aileen Aponte, Norma Osborn, Joanne R. Weintraub, and Michelle A. Young
Advanced Heart Disease Section, Cardiovascular Division, Brigham and Women’s
Hospital, Boston, Massachusetts, U.S.A.

INTRODUCTION

Key components in heart failure management include education, strategies for outpatient

follow up, recognition of significant comorbidities, and barriers to care. This chapter

reviews the importance of different learning styles and strategies, components of

outpatient heart failure management, and the effect of depression and anxiety in this

patient population. Sociodemographic barriers related to individual patients, providers,

health care, and health care systems will also be discussed.

PATIENT EDUCATION

Patient education can be defined as an ongoing process of influencing patient behavior and

producing the changes in knowledge, attitudes, and skills necessary to maintain or

improve health (1). It is a professional responsibility of health care providers to be

involved in the education of patients, families, and their communities to achieve optimal

states of health. Nurses have become more aware of the potential benefits of educating

patients with chronic diseases to become more independent with their self-care needs.

Through health education, nurses can encourage the practice of healthy lifestyle behaviors,

especially in patients with heart failure. As heart failure progresses, it becomes more

difficult for patients to adapt to the lifestyle changes necessary to maintain health. The

most important goal for patients with heart failure is to improve their self-care abilities

such as restricting fluid and salt intake, adhering to their medication regimen, exercising,

monitoring symptoms, and seeking assistance when symptoms worsen (2). Patients who

are educated in self-care management to optimize their heart failure condition have fewer

hospital admissions and improved quality of life (3).
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CHALLENGES IN HEALTH EDUCATION

Health care providers need to communicate in a way to promote understanding, which

requires open communication between the health care provider and their patient at all

times. But this does not come without challenges. One of the more striking challenges is

the knowledge deficit of both the patient and the educator. Nurses are the primary

providers of patient education in most health care settings. A review of the literature found

that no research has been done investigating specific learning needs of nurses who provide

health education and care for patients with heart failure (3). “Heart failure nurses need to

have experience in cardiac care and have the ability to work independently. They need to

have a deeper understanding of the heart failure syndrome and its treatment, as well as a

psychosocial aspect of being chronically ill and how to adapt to self-care behavior.” (2) In

the United States, this level of practice suggests advanced training at a university level

where the nurse’s training focuses on clinical decision-making, research, and skills. The

nurses are Masters degree prepared and are trained as advanced practice nurses or clinical

nurse specialists. Because the availability of advanced practice nurses is not always

possible, it may benefit patients to have a multidiscipline team approach to education (2).

In addition, very little research has been done to assess the patient’s knowledge of

heart failure. Ni and colleagues assessed knowledge of and adherence to self-care among

patients with heart failure in 1999. Of the 113 patients surveyed, he found that

approximately 40% of patients did not recognize the importance of daily weights, only

80% knew they should limit salt intake, and 64% knew to limit fluid intake (4). Although

knowledge alone does not ensure self-care compliance, we must remember that education

is ongoing and encouragement and reinforcement are necessary for all.

Interpretation of medical information is another challenge in health education.

Interpretation of information and educational level are individual. People have difficulty

understanding health information for a variety of reasons including literacy, age,

disability, language, culture, and emotion (5). Nearly 20% of Americans are functionally

illiterate and lack the reading skills necessary for basic daily activities (6). Healthy People

2010, a United States public health initiative, stated “health literacy is the degree to which

individuals have the capacity to obtain, process, and understand basic health information

and services needed to make appropriate health decisions.” (7) There are formal health

literacy tests available to help assist in determining the needs of patients. Two formal

health literacy tests are the REALM and TOFHLA. The REALM (Rapid Estimate of Adult

Literacy in Medicine) is a reading recognition test that asks patients to pronounce 66

words commonly seen in medical settings, ranging in difficulty. This test provides grade

level scores for people who read below the ninth-grade level. The TOFHLA (Test of

Functional Health Literacy in Adults) is a series of health-related reading tasks that

measure numeric and reading comprehension (5,8).

Barriers to health education include readiness to learn, fear that the illness cannot be

cured, fear of being burdened by others, fear of dying, and fear of cost of hospitalization (1).

The patients’ needs must be considered before education can begin. In 1950, the Health

Belief Model was developed to describe why people did not participate in educational

programs to help treat or prevent diseases. Factors that contribute to a patient’s perceived

state of health and the probability of taking appropriate health care actions are (1) believing

that they are susceptible to the ill-health condition in question, (2) believing that the

condition would seriously affect their lives if they should contract it, (3) believing that the

benefits of action outweigh the barriers to action, and, (4) they are confident that they can

perform the action (9). “The Health Belief Model is used to assess whether the patient holds

these beliefs, and if not, guides teaching at missing skills or information.” (9).
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Learning Strategies

To be an effective educator, one must be enthusiastic, have clinical competence, and provide

a safe, nonjudgmental, non-threatening learning environment (10). This helps to motivate

the patient and promotes a readiness to learn. It is important for the educator to also try to

customize teaching to suit the patient’s needs. The Joint Commission on Accreditation of

Healthcare Organizations (JCAHO) states that a “patient receives education and training

specific to patient’s assessed needs, abilities, learning preferences, and readiness to learn as

appropriate to the care and services provided by the hospital” (11).

Patient educators need to be aware of their patients’ preferred learning style. The

three most common learning styles used to gather and process information are visual,

auditory, and kinesthetic (12). Highly visual learners prefer pictures, videos, anatomical

charts, pamphlets, and drawings, while auditory learns prefer hearing new information

through listening and reading, and highly kinesthetic people need to feel and be physically

involved with their hands (12). Adapting individual learning styles to patient education

can increase motivation and enhance learning.

In addition to learning styles, educators must be aware of individuals who are at

higher risk of low literacy. This group may include people with less education, the elderly,

certain racial or ethnic groups, and low socioeconomic populations (8). More than 90

million people do not understand the health information provided to them (13). People

with less than 12 yr of education have an increase in mortality compared with people who

have more than 13 yr of education. The elderly, racial, and ethnic minority population

groups, as well as low-income families, have an increased risk of hospitalization with poor

outcomes. Much of this is due to limited access to resources and the inability to possess

health insurance (8,14).

Up to two thirds of hospital admissions for heart failure are attributed to problems

with patient compliance. Educating patients and helping them take an active role in their

self-care abilities can decrease hospitalizations and improve outcomes (15). To do this,

health care providers need to be aware of several strategies when educating individuals

and their families about their health. One must start by creating an environment that

facilitates learning. A room where the temperature, sounds, lighting, furniture, supplies,

and people involved provide comfort for each individual establishes the correct

environment. A teachable moment, when the learner asks a question or a skill is being

performed, allows for an appropriate time to educate. Whenever possible involve family

members and use interpreters for foreign languages. It is important to individualize

teaching to the patient’s learning preferences. Use videotapes, verbal teaching, and

demonstration as educational tools. Written teaching materials should be at a sixth-grade

reading level or lower. Written grafts, charts, tables, and diagrams are best when

simplified. Most importantly, try to evenly distribute information given to patients and

families starting upon hospital admission through discharge and continue in the outpatient

setting. Using a multidisciplinary approach to educating patients has also been shown to

have better outcomes (8,11,12,16,17).

Health Educational Programs

An English philosopher Herbert Spencer once stated, “The great aim of education is not

knowledge but action.” (11) In order to motivate patients to learn about their health and

become more independent with self-care, quality patient educational programs need to be

established. Educational programs should “provide current information on such topics as

health care issues, medications, and equipment; attempt to change inappropriate attitudes,
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beliefs and perceptions, when warranted; meet individual needs; be easy to access;

facilitate evaluation; allow program changes to be made easily; and provide a framework

that may be suitable for adaptation” (11). Creating educational materials for the targeted

population should be done using the strategies mentioned above. An example of a heart

failure patient educational program is seen in Table 1 (18).

Table 1 Heart Failure Patient Education Program

Teaching content Self-care behaviors Educational tips

Sodium restriction Monitors sodium intake Recommend 2–3 g sodium diet

Reads nutritional labels and

limits sodium intake

Educate patient and family on food

and preparation choices

Teach the importance of sodium

restrictions and how it affects fluid

balance

Fluid restriction Measures and records daily fluid

intake

Recommend 2–3 L fluid restriction

according to patient’s needs

Manages thirst without

consuming excess fluid

Encourage the use of lozenges, mints,

or gum to quench one’s thirst

Daily weights Has scale and weighs each

morning after voiding and

before breakfast

Teach patient the connection between

increased “water” weight and

congestive heart failure

Limit amount of clothing when

weighing self

Increase in more than 2 lbs

overnight or 5 lbs in a week should

be reported to RN/MD

Some patients may be able to titrate

diuretics based on daily weights

Medication

compliance

Consistently follows prescribed

medication schedule

Monitors supply and plans for

refills

Has system (pill box, routine

time) for monitoring own

compliance

Adjusts supplement diuretic

dose based on weight

Medication education should include

a written schedule with medication

dose and frequency

Simplify regimen to enhance

adherence.

Instruct patients when and how much

supplemental diuretics to take

according to increased weight

Exercise Walks or participates in

supervised program

Avoids strenuous exercise,

extreme temperatures, and

heavy lifting

Teach the importance and benefit of

aerobic exercise in patients with

heart failure

Enforce the importance of the

balance of rest and activity

Sign and symptoms to

be reported to health

care provider

Call RN/MD with any change in

severity of symptoms: weight

gain O2 lbs overnight or 5 lbs

in a week, shortness of breath

or cough, chest pain, edema,

abdominal bloating,

dizziness, nausea, fatigue,

using more pillows at night

when sleeping, racing heart

beat

Teach/counsel regarding signs and

symptoms of heart failure

Reinforcement of teaching

information as needed
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Evaluation of Health Education Programs

After implementing an educational program, it is essential to evaluate the effectiveness of

the program. Learning can be evaluated at four different levels by asking a simple question

at each level (1). The first level is the patient and family involvement during the

interventions. “Did they like it?” Did the learners participate in discussion, ask questions

and show interest. Second level is the patient performance immediately after the learning

experience. “Did they learn it?” Did the learners meet the objectives? Were they able to

return demonstration? The third level is the patient performance at home. “Did they use

it?” Were they able to apply what they learned at home? The fourth level is the patient’s

overall self-care and health management. “Was teaching worth it in the long run?” Was

there an improvement in health care outcomes? Was the patient’s health maintained or

improved? (1) Gathering feedback can be a useful tool in evaluating the educational

program and implementing changes when necessary.

Heart failure patient education is a continuum. Patient education needs to start

during the initial hospitalization and continue as an outpatient. A patient’s condition often

changes over time and learning needs may change, requiring additional teaching.

Education should also be done as a multidisciplinary approach involving nurses,

physicians, dieticians, physical therapists, and any other specialists involved in patient

care. This allows for expert knowledge to be given to each patient by the most appropriate

provider. Nevertheless, the most important goal in heart failure education is to assist

patients in improving their self-care abilities such as dietary restriction, daily weights,

medication compliance, exercise, and knowing symptoms of worsening heart failure and

when to seek health care (2).

OUTPATIENT HEART FAILURE DISEASE MANAGEMENT

Transition from Inpatient to Outpatient Management

The heart failure patient’s transition from inpatient care into the outpatient setting should

involve careful discharge planning. The patient and family members need to be part of the

multidisciplinary team and to begin the planning process shortly after admission to the

hospital. The goal of integrating inpatient heart failure care with outpatient care is to

maintain clinical stability and decrease the need for hospital readmission. Many patients

may require multiple costly admissions for acute decomposition with 20% of hospitalized

patients needing readmission within one month and up to 44% within 6 mo (19). Heart

failure disease management tools have resulted in clinical benefit (20).

Participation in an HF management program may include comprehensive patient

and family education, dietary assessment and instruction, social services consultation for

discharge planning, clinical medication review, and intensive follow-up care. Patients who

were randomized to receive intensive HF management services benefited from a 56.2%

reduction of hospital readmissions compared with controls, with an overall cost savings of

$460 per patient (20).

JCAHO, the nation’s predominant source for healthcare accreditation, has

developed core performance measures based on existing heart failure care guidelines.

They include adequate discharge instructions which should address activity level, diet,

discharge medication, follow-up appointment, weight monitoring, and what to do if

symptoms worsen (21). Compliance with these expectations was assessed by using the

data from Medicare beneficiaries and data acquired by the Acute Decompensated Heart

Failure Registry (ADHERE) (22,23). During the hospitalization with acute
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decompensated heart failure, only 32% of patients were documented as having received

instructions based on these heart failure guidelines (23).

The ACC/AHA Guidelines for the Evaluation and Management of Chronic Heart

Failure in the Adult indicates that multidisciplinary disease-management programs for

patients at high risk for hospital admission or clinical deterioration is a Class I recommen-

dation: conditions for which there is evidence and/or general agreement that a given

procedure therapy is useful and effective (24).

Strategies for Outpatient Disease Management

There are several strategies used for outpatient disease management of heart failure. The

goal of most programs is to reduce re-hospitalization rates and costs and improve quality

of life. Cardiovascular nurses play an integral role in implementing each of these

strategies.

Specialty Heart Failure Clinics

Cardiologists and nurses with heart failure expertise direct care in a specialty clinic setting.

The focus is outpatient care and continuous follow-up to maintain clinical stability. Heart

failure cardiologists and nurses work together to manage patients after discharge by

optimizing pharmacological therapy, providing hemodynamic monitoring, and continued

teaching. A heart failure management team at the University of California, Los Angeles,

Medical Center followed 214 patients who were in New York Heart Association

functional class III or IV (25) and demonstrated during the 6 mo after referral to the clinic,

there was a 85% reduction in hospital readmissions, improved functional status, and

estimated savings in hospital readmission costs (after subtracting the initial hospital costs

of $9800 per patient). This was accomplished by optimization of medications, education

of patients and family members, telephone contact with patients in their homes, and

frequent adjustment of diuretics for weight gain or postural hypotension.

Patient Management

Medications

Several medications are used in the treatment of heart failure that require careful titration

based on physiologic data collected from the patient at each visit. Current medications

should be reviewed at each visit. This may include the need for some patients to bring all

their medications in the original containers to ensure compliance. The review of current

medication should include over-the-counter medication that may exacerbate heart failure

or cause dangerous drug–drug interactions.

The use of a wallet-sized card with the patient’s current list of medications/allergies

is encouraged. Strategies to increase compliance include utilizing once-a-day dosing when

possible, devising a medication chart with times of administration, and filling pill

containers with a week’s worth of medicine. It is important to adopt a nonjudgmental

attitude about medicine compliance to allow the patient to verbalize reasons for

noncompliance. Many patients complain that the need for frequent urination interferes

with their daily activities and helping the patient adjust their medication schedule in order

to avoid unnecessary interruptions in their day should help compliance. Asking about a

medication’s cost is also helpful in ensuring compliance. Patients may need help with

information about drug assistance programs or changing prescriptions to lower cost but
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effective medications. Asking for assistance from family members to help administer or

remind patients to take medications is an effective strategy to increase adherence with

medications (26).

Laboratory Testing

The use of diuretics and other medications used in heart failure necessitates laboratory

monitoring. Renal and liver function, electrolyte monitoring, along with complete blood

count to identify anemia that may aggravate a patient’s heart failure, are important

components in the heart failure management. Increased diuretic use may mandate more

frequent monitoring and careful repletion of both potassium and magnesium to prevent

dangerous dysrhythmias. Routine monitoring of digoxin levels is not indicated unless the

patient has demonstrated clinical signs of toxicity or there is a concern for drug–drug

interactions; however, digoxin levels above 0.8 may increase mortality (27).

Brian natriuretic peptide (BNP) is secreted primarily from the ventricles of the heart in

response to stretching and increased volume. BNP levels may be obtained to assess the

severity of heart failure disease (28,29) and used to guide therapy (30).

Lifestyle Modifications

Daily Monitoring of Weight. Each clinic visit should include a carefully obtained

weight measurement using the same scale and approximately the same amount of clothing

without shoes. At each visit, patients should be asked for their concurrent home weights

and be encouraged use a calendar at home to record serial weights.

Monitoring of Sodium and Fluid Restriction. Patients are queried about the

adherence to sodium and fluid restriction (if applicable) and barriers to compliance are

explored. Nutrition consultation may be necessary in refractory patients.

Exercise/Activity Level. Moderate exercise can produce sustained improvements

in functional status and quality of life in patients with heart failure (31). Patient’s activity

level and regular participation in exercise are assessed at each visit. Patients in

compensated heart failure are encouraged to stay active and participate in regular aerobic

exercise. Barriers to exercise are also explored and referrals to cardiac rehabilitation

programs, when indicated, may be helpful to overcome a patient’s reticence to begin an

exercise program.

Issues surrounding concerns about sexual activity also need to be addressed.

Practitioners need to create an environment in which the patient/partner feels comfortable

discussing difficulties/concerns over sexual activity and heart failure.

Home-Based Monitoring/Telemonitoring

Special care devices are connected through telephone lines, cable networks, or broadband

technology to allow monitoring of physiologic markers such as weight, blood pressure,

and heart rate on a daily basis. The information obtained is used to make adjustments to

therapy and reduces the needs for office visits (32). The current data from telemanagement

studies for heart failure patients suggest that telemonitoring might be most useful as an

adjunct to specialized home-based disease management in order to quickly identify

worsening signs/symptoms that require intervention (33,34).
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DEPRESSION IN HEART FAILURE PATIENTS

Incidence of Depression

Heart failure, a major cause of disability and morbidity, often hinders the ability of patients

to perform activities of daily living and support their families (35). Due to the

development of heart failure symptoms and the physical limitations patients are at

significant risk for the development of depression.

Depression is a relatively common condition among individuals with heart failure,

with rates reported from 24% (36) to O40% (37) in patients with stable ambulatory heart

failure (38) and has been linked to adverse outcomes. Depressive symptoms in patients

with heart failure are strongly associated with a decline in health status (39,40) and an

increase in the risk of hospitalization and death (38,40,41).

Symptoms of Depression in Heart Failure Patients

Chronic cardiac illness evokes depression through narcissistic injury, object loss, and

guilt. Narcissistic injury occurs through the loss or threat of loss of functions, including

limitations on occupational, recreational, and sexual activities. Death is the ultimate

catastrophe for the self, but the losses associated with premature death carry different

meaning depending on the person’s particular emotional investments. A patient may feel

robbed of seeing children grow up, providing for dependents, finishing a life’s work or

reaching a hard-earned retirement. Each of these real and feared losses is another blow to

the individual’s narcissism, and produces feelings of depression (42).

Heart failure causes symptoms that may be misinterpreted as representing a primary

psychiatric disorder. Mild to moderate heart failure produces insomnia, anorexia, fatigue,

weakness, and constipation, symptoms that may be mistakenly attributed to depression (42).

In severe heart failure, patients may develop subtle or overt encephalopathy, including

confusion, cognitive dysfunction, drowsiness, and apprehension (42).

Depression is suggested by pronounced feelings of guilt or worthlessness, suicidal

ideation, anhedonia, and functional disability and affective disturbance that are out of

proportion to the degree of heart failure (42). Depressed patients have difficulties adhering

to their medical regimen and are unable to modify their lifestyle appropriately. These

factors increase the probability of recurrent cardiac events and death.

Predictors of Development of Depression

Four predictors of the development of depressive symptoms in heart failure patients have

been noted in a recent study. They include: living alone, alcohol abuse, financial burden

from medical care, and worse baseline heart failure–specific health status (40). All patients

with heart failure should be screened for depression, especially those who have one of the

above risk factors. By knowing the risk factors for the development of depression,

clinicians will be able to recognize and provide appropriate treatment for depressed heart

failure patients.

Treatment of Depression in Heart Failure Patients

Patients with the depression risk factors may need psychosocial interventions, such as case

management, social worker evaluation, cognitive therapy for social isolation, or alcohol

abuse intervention (40).
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Pharmacologic treatment of depression in cardiac patients has been studied. Most of

the newer antidepressants such as the selective serotonin reuptake inhibitors do not have

quinidine-like type 1 antiarrhythmic effects, which may cause prolongation of the Q-T and

QRS interval, nor have they been associated with increases in heart rate, and most do not

cause orthostatsis (42). The selective serotonin reuptake inhibitors have rarely been

associated with bradycardia or sinus node dysfunction. Studies of the efficacy and safety of

selective serotonin reuptake inhibitors appear to indicate they cause fewer adverse cardiac

effects than tricyclic antidepressants (42).

Selective serotonin reuptake inhibitors should be the first line of pharmacologic

therapy in the appropriate cardiac patient. Heart failure patients who elicit signs and

symptoms of moderate to severe depression should be referred to psychiatry for further

evaluation and treatment.

ANXIETY IN HEART FAILURE PATIENTS

Incidence of Anxiety

Psychiatric disorders frequently occur as complications or as comorbid conditions in

individuals with cardiovascular disease. Surveys of ambulatory cardiology practice

patients with documented heart disease show a 5% to 10% prevalence of anxiety disorders,

predominantly panic attacks and phobias (43). The onset of symptomatic cardiac disease is

a potent provocation for anxiety symptoms. Angina, arrhythmias, and acute heart failure

produce anxiety caused by fears of heart attacks, disability, and sudden death (42).

Anxiety has been characterized as a strongly negative emotion with a component of

fear. It is associated with cognitive, neurobiological, and behavioral manifestations and

often is concurrently present with depression, especially in the elderly and in medically ill

populations. Although anxiety and depression are highly correlated in heart failure

patients, depression alone predicts a significantly worse prognosis for these patients

(44,45).

Manifestations of Anxiety Disorders

Anxiety can be defined as a subjective sense of unease, dread, or foreboding. It can

indicate a primary psychiatric condition or can be a component of, or reaction to, a primary

medical disease (46).

When evaluating an anxious patient, it is important for the clinician to first

determine whether the anxiety antedates or postdates a medical illness or if it is due to a

medication side effect. Approximately one-third of patients presenting with anxiety have a

medical etiology for their psychiatric symptoms (46).

The most common anxiety disorders associated with cardiac patients are: panic

attacks, phobias, and post-traumatic stress disorder (PTSD). Panic attacks are episodes of

distinct, intense fear and discomfort associated with several physical symptoms, including

shortness of breath, palpitations, chest pain or discomfort, dizzy or light-headedness,

abdominal distress or nausea, shaking or trembling, sweating, and a fear of impending

doom or death (46). Since the symptoms of panic attacks are similar to those of heart

failure and other cardiac conditions, a careful history will usually lead to a correct

diagnosis. Once any medical etiology for the panic attack has been excluded, only then,

can the diagnosis of panic disorder be made.

Phobic disorders are characterized by fear of objects or situations, which results

immediately in an anxiety reaction (46). The stimulation of this phobia usually causes
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a panic attack. Some common phobias which cardiac patients experience are: fear of

hospitals, blood, needles, and sudden cardiac death.

It is important for clinicians to be sensitive to various phobias and fears that patients

may have. By providing appropriate psychotherapeutic interventions and reassurance it is

possible to establish a stronger clinician-patient relationship.

PTSD is the development of anxiety after exposure to an extreme traumatic event

such as the threat of personal death or injury or the death of a loved one (46). It is

characterized by the re-experiencing of the traumatic event accompanied by symptoms of

increased arousal and by avoidance of stimuli associated with the trauma (47). Patients

who suffer from PTSD are preoccupied by negative health beliefs, and they exhibit more

somatic complaints than patients without PTSD (47). PTSD is commonly seen in cardiac

patients who have survived cardiac arrest, cardiac surgery, and those with implanted

cardiac defibrillators. It is important for clinicians to identify patients suffering from PTSD

early and refer them for appropriate treatment.

Treatment of Anxiety Disorders

Acute anxiety disorders are usually self-limited, and treatment typically involves the

short-term use of benzodiazepines (46). Given orally, benzodiazepines are essentially free

of cardiovascular side effects (42). Buspirone has no recognized cardiovascular side

effects and may have a place in treatment of cardiac patients with anxiety disorders (42).

Psychotherapeutic interventions such as cognitive behavioral therapy, desensitization

therapy, and supportive/expressive psychotherapy (46) also play an important role in the

treatment of anxiety disorders.

Due to the chronic and recurrent nature of PTSD, a more complex approach

employing drug and behavioral treatments (46) must be implemented. The use of serotonin

reuptake inhibitors has been effective in reducing symptoms of anxiety and avoidance

behaviors in these patients. Psychotherapeutic strategies for PTSD help the patient

overcome avoidance behaviors (46). Therapies that encourage the patient to dismantle

avoidance behaviors through focusing stepwise on the experience of the traumatic event

are most effective (46).

SOCIODEMOGRAPHIC BARRIERS TO CARE

Persistent health inequalities put people at risk for poor health outcomes. Racial, ethnic, and

cultural differences can cause patients to be at risk for suboptimal health and health care. The

elimination of health inequalities is described in Healthy People 2010 as a critical public

health goal for the United States (7). Levine and colleagues believe that fundamental

changes are needed to emphasize preventive care if the U.S. is to achieve current national

health goals, based on their research showing that black-white age adjusted mortality and

life expectancy at birth had “no sustained decrease” since 1945 (48). Among African

Americans between 1960 and 2000, despite income and high school drop out rate disparities

as compared to European Americans, mortality rates showed little improvement (49). The

National Conference on Cardiovascular Disease Prevention concluded in 1999 that, while

coronary heart disease mortality rates had decreased in the U.S. population as a whole, black

Americans had the highest rates of stroke and coronary heart disease as compared to non-

Hispanic whites, Native Americans, Asians, and Hispanics (50). Health care system and

geodemographic characteristics can generate obstacles to optimal health care. An

examination of cardiovascular mortality variances between groups in areas of high and
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low socioeconomic characteristics from 1969–1998 demonstrated continuing and growing

inequalities. Mortality dropped in high socioeconomic group areas while increasing in

deprived socioeconomic group areas. Twenty-one wide ranging socioeconomic status

indicators included the following variables in men and women age 25–64 yr studied:

education, income, occupation, unemployment and poverty rates, single-parent household

rate, home ownership and home value, rent, mortgage, household crowding, English

language proficiency, divorce rate, percent urban, percent immigrants, and the percent of

households without access to phone, plumbing, and motor vehicle (51). Individual providers

and patient profiles can also create impediments to ideal health care.

Sociodemographic barriers may be grouped into 4 overlapping categories: those

related to individual patients, a health care provider, individual health care, and the health

care system in general. Barriers related to individual patients include race, nationali-

ty/ethnicity, insurance, language, affordability of medicines, access to specialists,

socioeconomic status, transportation, living environment/neighborhood, homelessness,

telephone access, competing demands, education, and trust. Barriers related to a health

care provider include lack of provider–patient concordance, bias/prejudice, and

contrasting decision-making models or family structure. Barriers related to individual

health care include perception of disease, health beliefs/attitudes, and diet. Finally,

barriers related to a health care system include lack of interpreters, waiting time for

providers, provider–patient concordance, and accessibility of health care delivery sites

and specialists.

Barriers Related to Individual Patients

There is evidence of disparities in the cardiovascular care and health of African Americans

versus European Americans as demonstrated in cardiovascular mortality (52),

recommendation for cardiac catheterization (50,53–55), coronary artery bypass grafting

(56,57), and diagnosis of hypercholesterolemia (59). Hill describes black males under age

50 yr as the “age-race-gender group” with the “least well diagnosed, treated and controlled

hypertension” (59). In 1990 the Council on Ethical and Judicial Affairs of the American

Medical Association published a call to decrease racial disparities in health care through

greater access for blacks The report also called for increased black Americans in medical

schools as faculty and students, and elimination of discriminatory clinical decision making

through the use of treatment parameters eliminating racial criteria.

Lillie-Blanton has found that while people of color represent 34% of the U.S.

population they compromise 52% of the uninsured. Compared to whites, Hispanics were

less likely to have a “usual source of care” (60). This finding would make it more likely

that Hispanics were also less likely to have a usual source of cardiovascular care. Lack of

health insurance accounted for a significant segment of the disparity with income,

education, family status citizenship, employment status, and health status accounting for

small parts of the discrepancy (60). Undiagnosed hypertension in uninsured adults was

found by Ayanian and colleagues to be more likely in Hispanics (58).

Immigrants categorized as noncitizens have been shown by Ku to be more likely than

citizens to be uninsured and to have worse access to outpatient and emergency care (61).

Differing ethnicity or national origin between a patient and a provider may set the stage for

misunderstandings. Kagawa-Singer, et al., have stated that cultural insensitivity can

contribute to inappropriate clinical outcomes and poor interactions with patients (62).

Cohen has proposed that an increase in the racial and ethnic diversity of the health care

workforce would improve health care access to minorities (63).
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The equanimity in benefits in the federal Medicare program for those over age sixty-

five has contributed greatly to decreasing barriers in access to health care due to lack of

insurance in that age group. Prior to 1966 when Medicare coverage began, access to care

for uninsured non-white elderly and disabled patients was severely limited. However, as a

condition of Medicare reimbursement, hospitals were required to desegregate. The

uninsured near-elderly (!65 yr) remains a population with substantial risk due to rises in

health care costs with the onset of health problems typical at those ages—heart, lung, and

cerebrovascular diseases, breast and colorectal cancers (64,65).

Desegregation of participating hospitals was a major step in improving access to care

for racial and ethnic minorities (66). Ongoing work is being done by the United States

Department of Health and Human Services (HHS) and the Centers for Medicare and

Medicaid Services (CMS) to diminish remaining inequalities in care such as improving the

Social Security Administration database on race and ethnicity, requiring fee-for-service

health plans to implement initiatives to reduce “factors contributing to racial, ethnic, or rural

disparities,” (67) and using the Civil Rights Act (68) and court decisions to require providers

to eliminate barriers to those not fluent in English. National standards for health care

organizations published in December 2000 by the Office for Minority Health of HHS require

the provision of linguistically competent services (69). The Director of Interpreter Services

at Brigham and Women’s Hospital in Boston, Massachusetts states that it is now possible to

access via telephone or in person competent interpreter services for patients in more than

150 different languages from American Sign Language to Cambodian to Macedonian to

Zulu. Spanish-speaking patients with a Spanish-speaking doctor have been shown to better

follow medical treatment plans and have fewer emergency room visits than those patients

without a doctor competent in their language (70).

A study by Federman and colleagues based on Medicare claims showed that elders

with Medicare insurance but no supplemental drug coverage were less likely to be using

statin therapy than elders with Medicare and supplemental drug coverage and elders with

Medicaid coverage. This result was hypothesized to be due to the increased cost of statins

with non-generic equivalents over other cardiovascular medications such as diuretics and

beta-blockers (71).

Care by specialists can influence outcomes. Ayanian studied 35,520 patients post–

myocardial infarction aged 65 yr or older in seven states in the United States to find that

patients seeing cardiologists as opposed to internists or family practice physicians were

more likely to be white, have undergone an invasive cardiac procedure, and had a lower

2 yr mortality rate (72). Evidenced-based care and improved outcomes in the treatment of

coronary disease and heart failure are thought to be more likely with care by cardiologists

(73). Geographic area may influence access to specialists. Improvement in implantation of

internal cardiac defibrillators (ICD) for blacks versus whites occurred between 1990–2000

in part because more varied geographic locations began to provide ICD implantation in

areas of larger black populations (74).

Low socioeconomic status (SES) as defined by education and income has been

found to negatively impact health. A review of the literature by (75) Blair et al found that

only 8 clinical studies addressed the connection between congestive heart failure and SES.

Low SES was found to have a negative effect on health status on hospital admission, and

being listed for cardiac transplant.

In people aged 25 yr or older in the United States, House et al. (76) found that

preventable health problems are more prevalent in lower socioeconomic groups during

their thirties and forties while higher socioeconomic groups are able to postpone morbidity

and health decline to their sixties and seventies. Williams and Jackson (77) state that
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cardiovascular mortality in low-income black women is 65% higher than their white

counterparts.

Poor access to transportation may create another obstacle to good health care by

preventing a person from being able to get to appointments. In households in 12 rural

western North Carolina counties, patients able to drive had more than double the chronic

care health appointments than non-drivers. Also, those who had friends or family who

could drive the patient to an appointment had 1.58 more chronic health care check ups than

those who had no transportation support (78).

Lower socioeconomic groups may live in neighborhoods with characteristics that

create barriers to optimal health. Cheadle and colleagues (79) in 1991 found correlation

between the availability of healthy food in grocery stores and the healthy dietary practices

of residents. In 2001 Perry (80) found that low-income neighborhoods in Philadelphia had

30% fewer supermarkets than high-income neighborhoods and had higher diet related

deaths in 3 areas: neoplasms (stomach, other digestive disorders, breast); endocrine,

nutritional, and immunity disorders (diabetes mellitus); and circulatory system diseases

(hypertension, myocardial infarction, heart disease). Fulp (81) and colleagues described

the inability of 2 groups of women (aged 65 yr and older living alone, and less than 65 yr

with children 18 yr and younger living at home) to purchase a nutritionally adequate diet

in their community. Demographic descriptors of this community include the following

data: 52% blacks, 22% Hispanic, 29% of residents living below the federal poverty level,

mean household income in 1999 of $26,515, 29% with less than a high school education or

general equivalence degree, 51% overweight or obese, 29% MD-diagnosed hypertension,

38.4% diabetes mortality. Proposals to increase access to healthy food through food

stamps for farmers’ markets, increase healthy selections at local convenience stores,

schools and workplaces, and development of supermarkets in low income areas may

lessen this problem.

One could hypothesize that homelessness would also be a substantial barrier to

positive health outcomes. Though there were no studies found of the relationship between

heart failure and homelessness, Dewan (82) and colleagues found that both homelessness

and congestive heart failure were independent risk factors for mortality in a study of

tuberculosis treatment in Orel, Russia. Lack of a telephone could easily be suspected of

being a barrier to care by causing or increasing isolation, and lack of or difficult

communication with health care resources. Competing demands in an individual’s life

such as child or elder care, schooling or work, life-maintenance activities (grocery

shopping, laundry, legal business, vehicle maintenance, or other tasks deemed essential),

and health care visits could easily cause a person to put off a health care visit.

Lack of education can also be a barrier to health. In an examination of data on cause

of death from longitudinal mortality studies between 1990–1997 Huisman et al. (83) found

that all causes of death at age 75 or older except prostate cancer in men and lung cancer in

women, showed increased mortality in the less educated as compare to the more educated

groups. Cardiovascular death accounted for differences of 39% for men and 60%

for women.

Trust is an essential component in breaching potential cross-cultural barriers just as

it is key to a positive patient–provider relationship within similar cultural contexts. Racism

exemplified by the Tuskegee syphilis study and segregation in hospitals is well known as a

health care barrier to older African-Americans. The syphilis study, The Tuskegee Study of

Untreated Syphilis in the Negro Male, conducted by the United States Public Health

Service from 1932–1972 withheld treatment for syphilis for up to 40 yr (84).

Approximately 250 men received military exemptions in 1941 during World War II,

and local physicians agreed not to treat study subjects despite the availability of penicillin
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in 1943. In 1972 a Senate investigation stopped the study after a United States Public

Health Service officer questioned the ethics of the study. In recent times patient trust in

research physicians and health care systems, particularly managed care, has eroded with

concerns about denial of therapeutic or diagnostic procedures and emergency care, and

financial incentives for minimal care (84,85). Trust in a specialist after an initial visit has

been found to be greater in whites than in blacks and Hispanics (86).

Barriers Related to a Health Care Provider

Provider concordance may influence trust in the patient-provider relationship. Race and

gender discordance are associated with less satisfaction in participative decision making

during visits with physicians. African American and minority patients perceive their

physician appointments as less participatory than whites in an analysis of physicians’

participatory decision-making style ratings by their patients (87). Suspicion of race or

gender bias may influence patient perceptions of a discordant provider. Evidence of poorer

outcomes in non-white patients has been discussed earlier. Language discordance between

provider and patient as a socioeconomic variable associated with poorer health outcomes

has been a significant factor, influencing the United States Department of HHS to require

competent interpreters in health care facilities (7).

Differences in health care decision-making style can create dissonance between

provider and patient. Blackhall et al. (88), in a study of 200 subjects from four differing

ethnicities found that patients of Korean American and Mexican American families may

prefer a family centered decision-making model instead of the patient autonomy model of

African-American or European-American families. Decisions studied included whether or

not a patient should be told of a terminal diagnosis, and whether a patient should make

decisions about life support. A physician who urges a family or patient to make an

autonomous decision in the above family would risk alienating the patient and family.

Barriers Related to Individual Health Care

In patients with heart failure, women have been shown to have more positive perceptions

about their own health than men in research examining physical impairment (decreased

functional ability and vitality, symptom distress), role limitation (personal and

professional, change in self concept), loss (independence, control), and emotional burden

(fear of death, hopelessness, depression, anger, anxiety) (89). Perception of and

adjustment to illness may be a substantially large barrier to males. Horowitz (90) and

colleagues studied patient perception and health behavior finding that patients in an urban

hospital perceived congestive heart failure as only an acute condition and therefore did not

try to imbed heart failure self-care into their daily routines. These findings suggest that

emphasis should be on describing heart failure as a chronic condition. Ayanian et al. (91)

found that in 3 different regions of the U.S. patients who believed that lowering cholesterol

was very important were more likely to be women and ironically, patients without diabetes

mellitus or heart failure. Males and smokers put a lower value on cholesterol treatment and

may require more education to adjust their health beliefs.

Dietary habits are deeply ingrained cultural behaviors. When dietary habits conflict

with the best clinical advice for heart failure, cultural sensitivity is required to negotiate

optimum health. A typical day in a heart failure management clinic may include

interactions with a Russian elder who cherishes sausage and occasional caviar, a Thai

homemaker cooking with fish sauce on a daily basis, a retired Greek businessman who eats

feta and olives for breakfast, and several Caucasian American men who eat out or use
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packaged microwave foods exclusively because of lack of cooking skills. Abundant time,

counseling, creativity, and nutrition consults may be necessary to convert patients to

eating patterns that more closely resemble a low sodium diet.

Barriers Related to a Health Care System

Current Medicare and Medicaid guides provide a benefit of 12 wk participation in a

cardiac rehabilitation program for patients who “within the preceding 12 mo have had

acute myocardial infarction, coronary artery bypass, or have stable angina pectoris.” (92)

Unfortunately, there is no benefit for patients with congestive heart failure, angioplasty, or

transplantation without the above inclusion criteria. Patients with heart failure would

benefit greatly from an insured benefit for cardiac rehabilitation. Presently, such programs

are only available if the individual patient is willing to pay for the program at great

expense or if a private insurer provides such a benefit.

Solutions

Creative, persistent, targeted long-term and short-term solutions are required by a coalition

of the concerned to achieve health care equity in the United States as well as the world

community. Thankfully, citizens, clinicians, academics, and policy makers believe that

solutions such as those below will bring the goal of optimal health care for all closer to

reality. Kennedy (93) proposes an increase in minority population access to care through

expansion of Medicare, improved cultural competence and diversity of providers,

expansion of health data collection by race and ethnicity, and investment in the entire

public health infrastructure. Development of geocoding databases using race, ethnicity, and

socioeconomic status characteristics to specifically identify health disparities by area and

neighborhood, and create area-specific interventions has been suggested by Fremont (94).

A “state minority health care report card” developed by Trivedi (95) and colleagues would

include analysis of non-elderly low-income insurance coverage, physician workforce

diversity, promotion of minority health by agencies of state government, and mortality by

race and ethnicity to focus attention on areas in need of health care intervention. Grass roots

efforts in the corporate sector are underway such as diabetes chronic disease management,

Breast Health Initiative programs and African American Preterm Labor Prevention and

Breastfeeding programs at the health care insurer, Aetna (96). Verizon Communications is

contributing to the elimination of health disparities by implementing 3 recommendations of

the Institute of Medicine of the Department of HHS. These include increasing health

disparities awareness among Verizon employees and the public, creating employee

education programs on access to care and treatment decision-making, and health care access

data collection involving sociodemographic characteristics (97).

Focus, diligence, funding, and imaginative programs such as those described will

contribute greatly to eradicating health disparities in this decade. Optimal health for all can

be accomplished.
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INTRODUCTION

Heart failure is a complex, progressive disease with unexpected acute exacerbations and

decreased functional status, marked symptom burden due to dyspnea and fatigue, and

impaired quality of life (1,2). Although there are various etiologies for the disease, the

development of heart failure is associated with a dramatic worsening of the prognosis of

the patient (3). Despite the improvement in outcomes of heart failure patients over the past

few decades, survival following the diagnosis of heart failure remains poor with a median

survival of 8 years and an estimated median survival of 1.64 years after a discharge for

decompensated heart failure (4). Given the poor prognosis overall in heart failure patients,

there have been intense efforts to identify those patients at particularly high risk of early

mortality to aid in counseling and medical decision making. Therefore, many factors have

been identified as markers of short- and long-term poor prognosis (5–7). These prognostic

factors are often identified through clinical experience, epidemiologic cohorts, and large,

clinical trials, and they can be grouped into several categories including clinical,

hemodynamic, electrophysiological, and biochemical markers. A detailed discussion of

prognostic factors in heart failure patients is found elsewhere in this text.

Most of the prognostic factors that have been identified are more specific for

progressive pump failure death. Clinicians often have an idea of the long-term prognosis of

patients after a detailed history and physical examination, routine laboratory tests,

echocardiography, and right- and left-heart cardiac catheterization. Although a cross-

sectional assessment of this information may provide insight into the patient’s prognosis,

longitudinal follow-up of patients gives additional information about the trajectory of the

natural history in an individual patient. This is particularly important after the initial

patient referral. For example, patients may present with advanced symptoms at the time of

initial therapy. If their symptom status and functional status can be improved with therapy,

that patient’s prognosis is much better than the patient who remains in an advanced heart

failure state despite medical management (5). Moreover, discussion of long-term
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prognosis is challenging in that one must give the patient optimism about the ability to

maximize survival with advancing medical therapies while ensuring that they have a

realistic understanding of their shortened life expectancy. Therefore, clinicians often think

of prognosis and incorporate this prognostic information into medical decision making

more frequently than they actually discuss prognosis with the patient and their families.

CLINICAL USE OF PROGNOSTIC FACTORS

Healthcare providers use prognostic factors in many ways. First, recognizing the patients

with poor prognostic markers allows targeting of the population most likely to benefit from

a medical therapy (8). Secondly, patients and families often seek an estimate of prognosis

to address fears that are associated with the diagnosis of heart failure and for reassurance

that they do not need immediate transplantation. Clinicians may use prognostic factors to

assist in determining the optimal targets of therapy. The timing of transplant evaluation or

referral to an advanced heart failure provider is often guided by the short-term prognosis.

Finally, prognostic factors can be followed serially to determine if a patient is responding

to treatment. These prognostic factors are used both in the acute management of patients

hospitalized with decompensated heart failure and in the chronic ambulatory management

of patients.

Inpatient Management

In the inpatient setting, negative prognostic markers such as progressive oliguria,

worsening serum creatinine, hypotension, low pulse–pressure proportion, and tachycardia

may signify particularly high-risk patients (9). These patients may require invasive

hemodynamic monitoring and clinicians may be more likely to use intravenous

vasodilators or inotropes to facilitate diuresis. Other poor markers for the decompensated

heart failure patient include low cardiac index, high systemic vascular resistance, and high

pulmonary vascular resistance. These patients may require more aggressive therapies such

as intravenous vasodilators or inotropes and consideration of urgent evaluation and listing

for cardiac transplantation. Patients who are inotrope-dependent are particularly high-risk

(10,11) and should signal consideration of intra-aortic balloon pump insertion and

implantation of a ventricular assist device to improve hemodynamics to bridge to

transplant. In patients with these markers who are not suitable candidates for more

intensive therapy, conversations with patients and their families often occur to explain the

lack of further medical therapeutic options and to define code status.

Ambulatory Management

Clinicians use prognostic markers more frequently in the management of ambulatory heart

failure patients. Although a crude estimate, New York Heart Association (NYHA)

classification remains one of the most powerful predictors of mortality. NYHA is a

physician’s estimate of the patient’s functional limitations due to the dyspnea and fatigue

associated with heart failure. It is an enduring method of characterizing disease severity.

As a result of its universal acceptance and clinical simplicity, it has been used in

randomized clinical trials to help define patient populations and disease severity. As a

result, NYHA guides the choice of therapy, partly based upon the evidence available from

the clinical trial data. For example, beta-blockers have been demonstrated to be effective

in improving survival of heart failure patients with NYHA Class II through IV (12–15).

However, beta-blockers have not been demonstrated to be efficacious to date with routine
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use in NYHA Class I patients and may be used in special circumstances such as in the

treatment of concomitant coronary artery disease, supraventricular and ventricular

arrhythmias, refractory hypertension, and/or peri-operative management. Based upon the

excellent one-year survival of NYHA Class I patients, the goals of therapy are to prevent

progression of disease, identify those patients at high risk for sudden cardiac death,

educate patients on the clinical signs of disease progression, consider revascularization

options, and encourage health behavior modifications. As the patient’s NYHA functional

class worsens, the aggressiveness of medical therapy also increases and may include

adding spironolactone, (16) combining angiotensin receptor blockers with ACE-

inhibitors, (17) or considering cardiac resynchronization therapy (CRT) (18,19). In

other populations, such as African-Americans with advanced NYHA class, the addition of

a nitrate and hydralazine to ACE-inhibitors and beta-blockers may have an incremental

benefit on survival (20).

Assessment of the left ventricular ejection fraction (LVEF) is one of the first

stratification steps after assessment of the patient’s functional status. Those patients with

preserved systolic function may have a better prognosis than patients with low LVEF

(21–24). However, LVEF is most useful when characterizing patients into broad

categories and not as useful as a linear variable in clinical practice. The prognostic

impact of 5% points may not be as clinically significant as classifying a patient as having

“mild” versus “severe” left ventricular dysfunction. Clinicians use the LVEF as

commonly as NYHA in deciding the therapies offered for patients, in part driven by the

enrollment criteria of Phase 3 clinical trials. For example, CRT and spironolactone are

generally reserved for patients with low LVEF. Implantable cardioverter defibrillator

(ICD) insertion for primary prevention of sudden cardiac death is also not recommended

if the LVEF is O35% based upon the relatively low risk of sudden death (25). An

increasingly recognized important echocardiographic parameter is the right ventricular

(RV) systolic function. Patients with RV dysfunction have more symptom burden, may

be less tolerant of vasodilators, may have more pulmonary hypertension, and may have a

worse peri-operative mortality following valve and revascularization surgeries. These

patients may not be referred for left ventricular assist device (LVAD) alone, given the

frequent need for RV support. Left ventricular dimensions are also used to estimate the

duration of heart failure in a patient who presents with newly diagnosed heart failure and

to decide the timing and risk of valve repair and coronary artery bypass graft surgeries.

Another useful prognostic factor is exercise capacity. Although there are many ways

to assess exercise capacity, including 6-minute walk test, patient’s self-assessment of their

abilities, and various exercise testing protocols, one of the more enduring ways to measure

exercise capacity is the cardiopulmonary exercise test (26). Irrespective of predictive

models (with or without beta-blocker use), peak VO2 remains one of the strongest

prognostic factors (27). Patients with peak VO2 less than 14 ml/kg/min at a level of

exercise above anaerobic threshold have a worse prognosis than those patients with peak

VO2 above that threshold, (26) and these patients are often considered for cardiac

transplantation. Patients are also encouraged to enroll in cardiac rehabilitation and are

considered for CRT, both of which have been associated with improved peak VO2.

Clinicians often follow the peak VO2 longitudinally to assess response to therapies, to

identify patients with progressive heart failure, and to determine the threshold for more

aggressive therapies such as transplantation. Often, the peak VO2 may be re-assessed after

stabilization following hospitalization for decompensated heart failure (5).

Neurohormonal activation has been recognized as an important marker of poor

prognosis in heart failure for decades (28,29). However, the clinical application of these

markers made it challenging to incorporate them into routine clinical practice.
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The reliability of assays measuring brain natriuretic peptide (BNP) and pro-BNP has

allowed the growth of the clinical applications of this biomarker in heart failure

management as a powerful prognostic marker (30,31). Patients with elevated BNP have a

worse prognosis irrespective of ejection fraction. These patients may be targeted for more

aggressive diuresis or vasodilator therapy, earlier referral for cardiac transplantation, or

discussions about their elevated risk of mortality and transitioning to palliation. The

clinical impact of serial BNP-guided strategies is still debatable.

Older age is a strong predictor of outcomes following cardiac surgery and the

recovery time and morbidity is also likely to be higher. Clinicians often are less likely to

consider aggressive therapies in older patients. Compared with patients !50 years old,

those patients O80 years are approximately 60% less likely to receive surgery, 40% less

likely to receive a right heart catheterization, and 80% less likely to receive dialysis (32).

Some clinicians believe that older patients should not receive ICD for primary, and even

secondary, prevention of sudden cardiac death. Cardiac transplantation is also less likely

to be offered in older patients.

There are many other poor prognostic factors that are used by clinicians, often

without thinking of its prognostic significance. For example, patients who develop

progressive renal dysfunction may be referred for early transplantation consideration to

avoid irreversible chronic renal insufficiency becoming an absolute contraindication to

transplant. Patients with syncope of uncertain etiology are referred for an ICD.

Patient vs. Physician Assessment of Prognosis

The estimate of a patient’s short-term and long-term prognosis is likely to be related to

their medical decision making about therapies (33). However, both patients and

physicians are not accurate at predicting short-term prognosis (34). In heart failure

patients who died within 6 months, 70% of the patients estimated a O6 months survival

between 3–6 months prior to death. At 1–3 months prior to death, 65% of patients felt

that they had O6 months survival. Strikingly, up to 3 days-1 month before death, over

50% of patients still estimated their survival to be O6 months (34). Physicians are not

much better at predicting short-term prognosis.

The estimated prognosis of the patient has major implications in medical decision

making for heart failure patients. Given the limited supply of donors, the number of

cardiac transplants in the United States has remained stable over the last 5–10 years

(35,36). It is reserved for those with poor prognosis who also do not have

contraindications for transplanation (37). Moreover, the 1-year survival following

transplantation is approximately 85%. Thus, if a patient’s estimated prognosis is better

than 85% one-year survival, then transplant is often deferred. It appears that in carefully

screened patients who are followed closely in a pre-transplant center, there does not

appear to be worse outcomes in those patients in whom clinicians delay the timing of

listing for cardiac transplantation. However, the clinician is often faced with balancing a

patient’s prognosis with the slow deterioration of other organs, which may impact their

future transplant candidacy (38). For example, progressive renal dysfunction may lead to

earlier listing for transplant prior to irreversible chronic renal insufficiency. In regards to

cardiac surgery, often patients are offered surgical revascularization and valve surgery

despite a high operative risk given a worse prognosis without surgery. Patients with a

very poor short-term prognosis may opt for high-risk revascularization, valve surgery, or

left ventricular remodeling surgery such as the Dor procedure. With improving surgical

Lewis and Flavell534



techniques, including mitral valve repair, the surgical limits continue to be pushed to

operate on more advanced heart failure patients with worse prognoses.

Patient Preference for Quality vs. Quantity

One of the challenging aspects of the management of heart failure patients is assessing

patient preferences for treatment options. In hypothetical situations, patients tend to

favor conditions that they consider better than death and reject treatments that are

perceived as worse than death (39). Also, as their perceived prognosis worsens, the

patient’s willingness to endure invasive procedures decreases. However, patients are

willing to endure invasive therapies if there is a chance for cure and improvement of

their status (40). Heart failure patients, as a group, have a poorer quality of life than

patients with any other chronic disease. However, the variability of quality of life

perception is great among individual patients. Those patients with excellent quality of

life often have less signs of congestion, better exercise capacity, and better NYHA

functional class. When asked about their willingness to trade time for perfect health,

patients with NYHA class III and IV functional status were willing to trade over 30%

and 80% of their remaining time to achieve perfect health, respectively (41). Those

patients with NYHA class I would trade less than 10% of their time as a group.

A patient’s perception of poor quality of life was strongly correlated to an increased

preference to trade remaining time for perfect health (correlation coefficient 0.64).

Moreover, when patients were stratified by quartiles of quality of life scores, there was a

linear association between worse quality of life and increased willingness to trade time,

ranging from 5% in the best quality of life quartile to 60% in the worst quartile.

Ironically, patient preferences for better quality over quantity of life were associated

with worse mortality over the next 12 months (42). Among patients who subsequently

died, three-quarters were willing to trade most of their remaining time, suggesting that

longevity was not as important.

Implementing patient preferences into medical decision-making is quite complex.

As patient responses to hypothetical situations have not been correlated to actual medical

decisions, clinicians are not currently able to reliably ensure that therapies offered are

consistent with an individual patient’s preference. The patient should always play a role

in the medical decision process. In the setting of uncertainty of the best therapeutic

approach, patient preference should play an even larger role. For example, mitral valve

repair is a growing option for patients with advanced heart failure (43,44). A patient who

is a suitable cardiac transplant candidate and mitral valve repair candidate may favor a

high-risk valve surgery with hopes of improving outcomes without the need for

immediate listing for transplant. However, this approach may create a relative

contraindication to transplantation if there are major complications. Another common

scenario is the consideration of ICD for NYHA Class II and III heart failure patients for

the primary prevention of sudden cardiac death. Although there is an improved survival

rate, heart failure symptoms are worse and patients are often concerned about the pain of

receiving an inappropriate shock and are willing to risk sudden death to avoid this

complication (45). These situations require careful discussions with patients and their

families to delineate the risks and benefits of the management strategy. Given time

limitations in the outpatient setting and limited attendance of family in the ambulatory

areas, these discussions often occur in the hospitalized patient. Another common

scenario in the heart failure patient is the discussion of code status. In the SUPPORT

(Studies to Understand Prognoses and Preferences for Outcomes and Risks of Treatment)
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experience, independent predictors of a preference NOT to want cardiopulmonary

resuscitation (CPR) included older age, worse functional status, patient’s estimate of a

poor 2-month survival, and higher income (46). Preferences for CPR are not stable in

one-quarter of patients, possibly reflecting uncertainty of preference, change in patient’s

perspective or estimate of prognosis, or initial misclassification of code status (47). This

finding illustrates the importance of constant communication with the family and patient

about code status.

TARGETS OF THERAPY

There are five main goals of therapy in heart failure management: (1) to increase survival,

(2) to reduce hospitalizations, (3) to reduce progression of disease, (4) to improve

functional status, and (5) to improve quality of life. In the early stages of heart failure, it is

reasonable to attempt to achieve all 5 goals with medical management. Historically, the

focus of clinical investigation has been on achieving the first 4 goals with little emphasis

on improving quality of life. Moreover, clinicians and patients may rank the importance of

these goals differently. Clinicians may focus on improving survival, reducing progression

of disease, and reducing hospitalizations; patients may be less interested in the physiologic

changes that occur with progressive heart failure, but are more focused on symptom

burden, the impact of their disease on daily activities, as well as overall survival.

Nevertheless, therapies such as ACE-inhibitors, beta-blockers, and spironolactone have

been demonstrated to dramatically improve survival without having a consistent

improvement in quality of life. This is reasonable in the early stages of heart failure.

However, as patients progress to more advanced heart failure stages, the magnitude of

survival benefit is attenuated and the clinician must weigh the actual benefit of using a

therapy with the impact of the side effect profile on the patient’s sense of well-being. For

example, ACE-intolerant patients due to cardio-renal limitations have a much worse

survival compared with patients who are not intolerant (10). If a patient tolerates minimal

doses of ACE-inhibitors due to significant dizziness and hypotension, it is unclear if they

will have a significant improvement in their longevity, but their health status has been

dramatically worsened. Thus, although we should aim to optimize patients with therapies

that improve survival in heart failure, we must also individualize the management

strategies as patients have more advanced disease.

As the 5 goals of therapy are not often congruent, it is difficult to predict what is the

most important goal of therapy for an individual patient and their family. For example,

many elderly patients (O65 years old) are quite interested in living longer and would

endure major morbidity such as high-risk surgery in order to increase longevity.

Conversely, many young patients prefer to avoid ICDs despite the possibility of

prolonging life. It is possible that quality of life is not as important in earlier stages of heart

failure, but gains importance as the patient becomes more limited due to their disease (8).

However, little is known about which goals should be the principal targets in various

stages of heart failure and this needs further study.

Transition Point for Quality vs. Quantity of Life

One of the more difficult decisions as a clinician is to identify the patient with advanced

heart failure who is transitioning to end-stage disease. Identifying the “transition point”

will allow clinicians and patients to set reasonable targets of therapy. Some signals of this
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transition point include refractory symptoms despite aggressive care, inotrope

dependency, cardiac cachexia, rapid decline in functional status, progressive hypotension

and renal insufficiency, and decreasing serum sodium (34,48,49). Cardiologists often

focus on using advanced technologies and aggressive medical management even as the

patient is transitioning to a stage in which few interventions will change the natural

history. Thus, heart failure patients often are treated with aggressive therapy up until

3 days prior to death. Based upon REMATCH (11), therapies such as “Destination”

(LVAD) are available for those patients who are poor candidates for transplant, which

further blurs the boundaries between aggressively improving survival to improving the

quality and dignity of death. Patients are often very hesitant to inactivate ICDs and may

seek the implantation of these devices even if they have a miserable quality of life with

intractable symptoms. CRT also offers an invasive approach to the management of

advanced heart failure patients, although one-third of patients will not respond. As we

move forward, careful research needs to explore the appropriate roles for these advanced

and invasive therapies. Finally, there are therapies that improve quality of life, but at the

expense of worsening survival such as oral phosphodiesterase inhibitors and intermittent

intravenous dobutamine (50,51). Current pressures to enhance survival may limit the

availability of drugs that improve quality of life in the end-stage patient, unless the

mortality risk is neutral. However, if a patient is interested in improving quality of life,

they may be willing to accept excess mortality to achieve better health status.

Considering therapies that improve well-being at the expense of worsening survival

would require a change in the paradigm of heart failure management. Prior to

implementation, several steps need to occur. First, we need to reliably identify factors

that signal the “transition point” at which time quality of life is more important than

quantity of life for individual patients. Some of these factors may include improved

precision of “short-term” prognostic markers signaling a O50% chance of mortality in the

subsequent few months. A clear understanding by the family of limitations in current

therapies or intolerable quality of life or symptom burden may lead the family to seek

more palliation. A tool that measures the patient preference for quality vs. quantity of life

in a simple, quick, and reliable way will further aid identifying the transition point.

Secondly, patients and families must completely understand and accept the significance of

therapies with potential excess mortality that may improve or maximize the patient’s sense

of well-being. Finally, insurers, clinicians, and regulators must be willing to accept

therapies without survival benefit that improve the patient’s symptom burden for the

management of the advanced heart failure patient.

Clinicians can involve the patient and family in the decision-making during this

transition period. It is important to understand the likely trajectory of the heart failure

course in the short-term and the likely impact of any therapeutic options. Discussing the

possible health states that may result from any intervention or lack of intervention will

help patients decide on the appropriate strategy. For example, many patients fear the loss

of independence due to functional or cognitive impairment (52). Heart failure patients are

not willing to undergo a treatment with little risk or discomfort if it negatively impacts this

aspect of health status, but would endure a high-burden intervention if it restores their

quality of life (52). Next, an understanding of the patient’s goals of therapy as well as the

consequences of therapies that they will find unbearable will allow the clinician to frame

the discussion, including the likely outcomes of any intervention. Finally, a

multidisciplinary approach to discussions with patients and families that includes the

physician, nurse, social worker, and faith-based staff may help them with difficult

decisions as the patient realizes their own mortality.
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CLINICAL ISSUES IN END OF LIFE CARE OF HEART FAILURE

Identifying End of Life in Heart Failure

The success of heart failure treatment has shifted the trajectory of the disease from an

acute and rapidly fatal course to a chronic and slowly fatal one. In 2001, there were 52,828

deaths recorded with a primary diagnosis of heart failure and 206,000 additional deaths

with heart failure as a secondary cause (53). On average, one in 5 patients dies within a

year of diagnosis. To date there has been little research to understand the process of dying

with heart failure, what kinds of end of life care would best achieve a “good death”, and

how to allocate appropriate resources to support patients and their families.

Planning for end of life care in heart failure is complicated by the inherent problem of

predicting just when the process of dying is occurring in a disease characterized by a

rollercoaster of exacerbations and resurrections. Most previous efforts have focused on

identifying predictors of long-term prognosis. However, it is equally important to patients

and families to identify those patients who are transitioning to dying. While attempts at

defining predictors of the transition period may help to identify when the process of dying

has begun, they are not useful in establishing a timeline for any particular patient (34,48,49).

The SUPPORT study shows that neither physicians nor patients were able to predict

impending death (34). In fact, this prognostic uncertainty may explain why 40% of

hospitalized heart failure patients undergo a major intervention in the last 3 days of life and

explain the low numbers of heart failure patients referred for hospice care (49). Given the

current limitations, prognostic measures for patients are best given as a range estimate (48).

Dying with Heart Failure

There are two main modes of death in heart failure. Between 33–50% of heart failure

patients die suddenly with a higher proportion in the lower NYHA functional classes

(54,55). Greater utilization of ICD’s may lead to a reduction in this number. However,

worsening of arrhythmias parallels worsening pump failure and decreasing the rate of

sudden death may simply shift the mechanism of death to progressive heart failure (8).

Heart failure patients have been shown to know less about their prognosis and are less

involved in the decision-making process than cancer patients (56). At present, there are no

data specific to heart failure patients examining their understanding of heart failure as a

fatal disease or how critically they perceive their role as decision-maker in their care.

Among patients dying of progressive heart failure, 70% described their quality of life as

fair to poor in the last month of life. Moderate to severe dyspnea is reported by 63%, and

50% describe moderate to severe pain in the last days of life (57). Other distressing

symptoms included lack of energy, weakness and fatigue, insomnia, and depression (57).

Family members described 64% of these heart failure patients as “extremely ill” or “very

ill” (58). Therefore, for patients dying of progressive heart failure, end of life decision-

making and care planning are critical.

Studies looking at patient decision-making at end of life have identified significant

problems in patient-family-physician communication around end of life issues. In one

study of seriously ill, hospitalized patients, a majority had not discussed preferences in end

of life care and had no wish to do so despite having preferences regarding interventions

(46). Twenty-five percent of these patients wished to forego CPR and 87% did not wish

prolonged ventilation (59). Among hospitalized patients, 70% preferred having their

family and physician make decisions for them if they were unable and only 22% wanted

their own stated preferences followed. Physicians, nurses, and surrogates understanding of

patient preferences was only moderately better than chance in correctly predicting patient
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wishes (60). In the SUPPORT study, 20% of patients changed their resuscitation

preference within 2 months of hospital discharge (61). These data reflect both patient

ambivalence about the decision-making process and caregiver uncertainty in interpreting

patient wishes.

End of life discussions are difficult and time consuming. They require care providers

to offer reassurance and support while realistically answering difficult questions about end

of life, resuscitation measures, and likely outcomes of those efforts. Patients and families

move through the dying process at different rates and in different ways that can lead to

disagreement in the planning of care and may even require involvement of the clergy or

social workers to help facilitate a plan that will be acceptable to everyone. Since patient

preferences may change, these discussions must be viewed as an ongoing process and not a

one-time event.

Advance Directives

Advance directive planning is being strongly encouraged by healthcare institutions to

communicate patients’ preferences to all providers. These directives, consisting of a

Health Care Proxy and a Living Will Declaration, record a patient’s wishes regarding

medical care and decision-making. The Health Care Proxy is legally recognized as the

surrogate decision maker if the patient is unable to make health care decisions. A Living

Will Declaration outlines patient preferences regarding medical care to sustain life.

Advance Directives are intended to provide direction in case of future emergencies and as

a way of relieving physicians, and surrogates, of the burden of decision-making. Because

medical status and therapy are highly variable, living wills are often used as guidelines for

medical interventions rather than specific directives and are not considered legally

binding. The SUPPORT study found that even when specific instructions were

documented in advance directives, care was inconsistent with those wishes nearly half

the time and 50% of patients who requested no CPR never had DNR orders written (8).

The investigators suggest that inconsistencies in care may be associated with factors other

than preferences or prognosis and may require systematic changes (46,62).

Ideally, general discussions about advance directives and end of life care should

begin as soon as the patient and physician have established a relationship and preferably

before the patient becomes too sick to participate in the discussion. Since primary care

providers or internists care for three-quarters of heart failure patients, (63) these providers

are often in the best position to address these issues. Review of the patient’s choices and

advance directives should occur periodically throughout the patient-provider relationship

including at diagnosis, annual visits, a decline in function, or a hospitalization. These

discussions are emotionally challenging for patients, families and physicians, all bringing

their own cultural and spiritual beliefs and personal values to the table. It is difficult to

address death and end of life issues given the typical time constraints of an ambulatory

visit and these discussions may need to be scheduled separately.

Palliative Care and Hospice

Despite patient descriptions of distressing symptoms at end of life, and the endorsements

of the American Heart Association, the American College of Cardiology, and the World

Health Organization, only 10% of heart failure patients are enrolled in hospice care (57).

This may be due to the difficulty of trying to “diagnose dying” or due to physician

concerns about the accuracy of a !6 months prognosis for hospice benefits under

Medicare (64). Statistics showing hospice use by heart failure patients indicate that less
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than 3% of heart failure patients used more then 6 months of hospice benefits (8) and 37%

of patients referred to hospice survived for only 1 week or less, (57) indicating probable

underutilization of this service.

Because distressing symptoms often begin before dying is diagnosed, referral to

hospice programs may seem premature to patients and providers. Palliative care programs,

which help to gradually transition the focus from cure to care, can be integrated into heart

failure care as soon as symptom management becomes an issue. Early involvement of

palliative care may make the shift toward specific end of life issues and hospice care easier

as further decline occurs. Palliative and hospice care are intended as complementary

treatments to be added to the routine medical management of heart failure, not in place of

medical care, and can be integrated into disease management programs. Reassuring

patients that palliative care provides more care, not less, enhances patient acceptance and

relieves concerns of being “abandoned to strangers” at the end of life. Preliminary data is

inconclusive but both palliative and hospice care may also help to reduce costs by

decreasing hospital readmissions that constitute the largest health care expenditure for

heart failure (57).

Managing the Dying Patient

Goals of care for the dying heart failure patient begin with comfort. Blood tests and

intravenous therapies should be evaluated and discontinued if inappropriate (64,65).

Current medications need to be assessed and non-essential medications, or those with

greater burden than benefit, should be discontinued. A multidisciplinary consensus panel

consisting of experts in advanced heart failure, palliative medicine, geriatrics, outcomes,

research, and health care improvement examined the current evidence available for

interventions to relieve symptoms, improve quality of life, and support patients and

families. The panel recommended that medical therapy be optimized for all patients with

advanced heart failure according to the guidelines established by the American Heart

Association and the American College of Cardiology. Ace inhibitors, diuretics, and beta-

blockers have been shown to reduce rates of hospitalization and death and were the only

therapies with sufficient evidence to support recommendation (8). The panel did not make

any recommendations on how to adjust doses or withdraw medications near the end of life.

In practice, diuretics produce the greatest symptom relief and should be continued

regardless of renal function. ACE-inhibitor and beta-blocker doses often need to be

reduced due to hypotension. If beta-blockers are used for heart rate control or in ischemic

patients, reduction in dose or withdrawal may result in increased palpitations or angina and

may increase symptom burden. Decisions about medication adjustments need to be

individualized to each patient and situation.

Small studies in end-stage heart failure suggest that intravenous inotropes may

reduce readmissions and symptoms in some patients even though mortality remains high

(51,66–69). However, inotropic infusions may exclude patients from hospice care due to

the high cost or because specific hospice organizations are unfamiliar with their use. They

may be useful in situations where a patient wishes to achieve a specific personal or

family goal.

Sleep-disordered breathing is reported in nearly 50% of heart failure patients and is

associated with fatigue, worsening functional capacity, and arrhythmias. Continuous

positive airway pressure (CPAP), and possibly supplemental oxygen, were reported by the

panel to be beneficial in reducing symptoms (8). However, CPAP is often not tolerated in

anxious patients near end of life and patients may prefer supplemental oxygen that may

provide psychological relief from dyspnea.
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Table 1 Medication Options for Pain and Symptom Management in End of Life from

Heart Failure

Symptom Medication Considerations

Pain First line—mild pain NSAIDs should be avoided, may worsen heart

Aspirin and renal failure

Tylenol

Second line—moderate

pain

Used infrequently in heart failure

Codeine

Hydrocodone

Tramadol

Third line—severe pain Use liquid or patch for best absorption and to

prevent problems with swallowing

Morphine Morphine may also relieve respiratory distress

thereby treating 2 symptoms with 1 medication

Fentanyl In opiate naı̈ve patients, begin with small oral

dose and increase as needed

Add patch only when patient tolerates opioids

and smoother pain/symptom control is needed

Consider non-pharmacological strategies such as

touch, relaxation exercises and breathing,

music

Constipation Initial regime

Senna and/or

lactulose at HS

Prophylactic laxatives must be given with

opioids

Bisacodyl and/or lactu-

lose at HS

Second line

Increase dose and/or

frequency of above

Increasing fiber may cause bloating

Use osmotic or stimulating agents

Obstipation

MOM

Magnesium citrate

Lactulose QID

Mineral oil

Impaction

Disimpaction and ene-

mas

More aggressive pro-

phylactic

regimen

Anxiety Benzodiazepines Do not withdraw abruptly

Dyspnea Benzodiazepines Most frightening symptom to patients

Morphine Also responds to non-pharmacologic measures

such as open windows, use of fans

Depression Serotonin reuptake Full effect may take months

inhibitors Counseling may be helpful

Insomnia Benzodiazipines

Antidepressants

Morphine

Consider etiology of insomnia (i.e., anxiety,

depression, pain) and choose agent which

helps to treat underlying cause

Hypnotics Assess sleep hygiene

(Continued)
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Many symptoms are difficult to treat and evaluate. Fatigue is a frequent problem,

but psychostimulants (used in other chronic illnesses) are unstudied in heart failure and

may increase the risk of arrhythmias. Depression is reported in up to 50% of patients

with end-stage heart failure and anecdotally has been shown to respond to antidepressant

medications if treated early. All patients should be assessed for pain. The pain of many

comorbid conditions worsens at the end of life and should be treated to optimize function

and without fear of addiction. Drugs to treat pain, agitation, excess oral secretions,

nausea, and vomiting should be on hand in small quantities for use in acute situations.

Families and patients should be instructed on when and how to use them. Drug choices

and recommendations are indicated in Table 1.

Communication between care providers, the patient, and family is essential and

complex. Failure to communicate honestly with a patient or family may lead to a lack of

trust in the physician and care team and often to distress, dissatisfaction, and

bereavement problems for the family (65). Do Not Resuscitate (DNR) orders as well as

discussions about inactivating defibrillators and pacemakers should occur when end of

life preferences are reviewed at the transition point to hospice or palliative care. ICD

shocks are described by patients as moderately uncomfortable, but are tolerated because

they offer a lifesaving benefit earlier in the course of heart failure (70). Single and

multiple shocks have been reported in patients near death when the burden of treatment

may be greater than the likelihood of benefit. Proposed inactivation of devices has

generated ethical concerns among practitioners. However, ethics committees agree that

patients who have these devices should have the opportunity to discuss disabling the

device as death approaches (71–73). Consonance between DNR orders and defibrillator

deactivation is a reasonable goal.

Palliative and hospice care provide multidisciplinary support to patient and family

throughout the dying process and across all settings ranging from home to hospital to

Table 1 Medication Options for Pain and Symptom Management in End of Life from

Heart Failure (Continued)

Symptom Medication Considerations

Emergency

medications

Benzodiazepines

Morphine

Scopalamine or atropine

Haldol Compazine

suppositories

Consider giving a small supply of medications to

be used in emergency situations for symptom

management with professional direction

Kit should contain medications for anxiety,

pain, nausea and vomiting, and to reduce oral

secretions

Final days

Delirium or

agitaion

Benzodiazepines Reassurance, physical presence are often helpful
Haloperidol

Chlorpromazine Assess for reversible physical problems such as

impaction, urinary retention, or pain

Educate family about the death process and what

actions they need to take

Death rattle Scoplamine Position patient in side-lying position

Atropine

Abbreviation: NSAIDs, nonsteroidal anti-inflammatory drugs.

Source: Adapted from Ref. 75.
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in-patient hospice or nursing home care. Integrating the support of palliative care or hospice

with careful medical management can provide patients with the best end of life care.

Although there is much to be learned about end of life in heart failure, we must remember,

“The terminally ill fear the unknown more than the known, professional disinterest more

than professional ineptitude, the process of dying rather than death itself” (74).
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INTRODUCTION

The incidence of congestive heart failure (HF) is increasing with epidemic proportions,

occurring most frequently in patients with structural heart disease resulting from

myocardial infarction (MI). The process of cardiac remodeling, which provides a substrate

for HF, results from fibrotic scar formation that replaces regions of myocyte necrosis

coupled with insufficient endogenous repair responses. In addition, surviving myocytes

undergo hypertrophy, which may be initially beneficial but transitions to a maladaptive

process in which myocytes become vulnerable to apoptosis. The heart dilates due to

infarct expansion, with wall thinning and dilatation, hyperplasia of fibroblasts, and scar

formation, changes its geometry and loses contractile function—the defining features of

ventricular remodeling (1). While cardiomyocytes may not be terminally differentiated

and endogenous cardiac stem cells are now identified within the heart (2–5), it is clear

from these clinical sequellae that endogenous repair mechanisms are insufficient to

adequately allow the heart to heal structurally and functionally from MI.

The desire to harness novel cellular regenerative approaches for preventing or

reversing remodeling and progression to HF following MI has sparked two parallel and

closely related avenues of research. First, much attention has been paid to the biology of

endogenous stem or precursor cells that may participate in healing of adult organs (6–10),

and second, translational attempts to utilize exogenous cells for myocardial repair (11,12)

have prompted early human studies (13,14). The latter has aroused substantial enthusiasm

(15) and transplantation of a variety of progenitor cells into a region of myocardium

damaged by MI, termed cellular cardiomyoplasty (14,16), is currently under active

investigation in small trials. In experimental models the cell types and/or strategies which

have been investigated include fetal and neonatal cardiomyocytes (17–30), embryonic

stem cell derived myocytes (ES) (31–34), tissue engineered contractile grafts (35–40),

skeletal myoblasts (SM) (41–52), several cell types derived from adult bone marrow

(53–58), and cardiac stem cells resident within the heart itself (3,8,59,60).
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REPAIR MECHANISMS

While the mechanism by which cellular therapy improves myocardial function remains

highly controversial, three general mechanisms have been proposed which appear alone

or in combination to explain the cardiac reparative properties of cellular cardiomyoplasty:

differentiation of the administered stem cells into various cellular constituents of the

heart—myocytes, endothelial cells and smooth muscle cells (12,61), fusion between the

stem cell and endogenous cardiac myoctyes (62), and release of paracrine factors that

stimulate endogenous cardiac repair mechanisms (Fig. 1) (63,64).

Differentiation of transplanted precursor cells into cardiac myocytes has long been

held as the central mechanism of a stem cell reparative effect, and therefore one of the

primary areas of ongoing investigation is the differentiation potential of various stem cell

sources. There is experimental support for the differentiation of endothelial progenitor cells

(EPCs), mesenchymal stem cells (MSCs), and embryonic stem cells (ESs), whereas that

of hematopoetic stem cells (HSCs) and SM remains highly controversial (Table 1).

Necrotic myocyte

Apoptotic myocyte

Developing myocyte

Stem cell

Paracrine signaling

Endogenous cardiac precursors

Newly sprouting blood vessels

Injection catheter delivery

Intracoronary delivery

Coronary venous delivery

Systemic intravenous delivery
Bone marrow

Heart Septum Area

RV LV

Figure 1 Myocardial loss and chamber remodeling results from ischemic myocyte necrosis.

Endogenous stem cells or therapeutically administered cell preparations traffic to the injured area

through the bloodstream or directly if injected into myocardium. Successful cardiomyoplasty results

from growth of new cardiac myocytes capable of generating electomechanically coupled

contraction, reduction of scar formation, or a combination of both. Stem cells may either

differentiate into cellular constituents necessary for new muscle or vacular formation, fuse with

existing cells, or exert paracrine effects capable of recruiting additional cells (i.e., cardiac stem cells)

or stimulate other protective effects such as reducing apoptotic cell loss or collagen deposition. See

text for details.
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Controversy over differentiation has stimulated investigation of alternative hypotheses that

include fusion, whereby donor cells fuse with recipient cells, subsequently adopting the

recipients phenotype (8,65), and paracrine signaling involving the secretion of protective

factors or factors stimulating cell–cell interactions. Indeed, studies demonstrating fusion of

bone marrow–derived cells with cardiac myocytes and other cell types have lead to doubt

regarding the role of cell differentiation in stem cell therapy (62,66), while still other studies

have argued against a substantial role for cell fusion (67,68). There is growing support for

paracrine signaling characterized by upregulation of angiogenic factors (VEGF-A, HGF,

bFGF, angiopoietin-1 and -2, and PDGF-B), cardiac transcription factors (GATA-4,

Nkx2.5, and MEF2C), as well as IGF-1 and stromal cell-derived factor-1a in stem cell

transplanted hearts (69). The net effect of paracrine signaling may be improved

neovascularization and perfusion (70,71), reduced myocyte apoptosis and remodeling

of failing myocardium, (72) and perhaps most importantly stimulation of proliferation of

endogenous cardiomyocytes (73). A recent study demonstrating cytoprotective effects of

genetically modified MSCs suggests that improved cardiac function associated with MSC

therapy may be due to reduced myocyte loss rather than myocyte regeneration (64). In

summary, the exact mechanism of stem cell effect still remains to be fully clarified and likely

involves interplay between transdifferentiation, fusion, and paracrine signaling.

Macroscopic Mechanisms

While most attention has focused on the above cellular and molecular mechanisms, there

is very clearly a need to understand how cellular cardiomyoplasty affects the heart at a

gross level. Given an effective cell source, will its application replace fibrotic scar or

regenerate myocardium independent of the scar? A tightly linked question relates to

delivery of the cell, i.e., by direct injection into the scar or via a vascular approach.

To address these important translational studies, there are emerging studies utilizing large

animal preclinical models and early human trials. Together these studies demonstrate that

cellular cardiomyoplasty has the potential to decrease infarct size and improve myocardial

contractility, although much more work is needed to define some of these key issues

(55,67,74–77). For example, in a study utilizing the direct myocardial injection of

allogeneic MSCs (Fig. 2), engrafted MSCs dramatically reduced the extent of necrotic

myocardium, promoted regeneration of new contractile myocardium along the

subendocardial surface of the MI and led to the recovery of cardiac energy metabolism,

Table 1 Mechanisms and Effects of Stem Cell Types

Differentiation

Neovasculariza-

tion

Decreased

apoptosis Fusion

Cardiac

function

Endothelial

progenitor cells

(183)

C(111,112) C(110,114) C(72,73) C(184)

K(112)

C(72,73,

110,114)

Hematopoetic

progenitor cells

C(9,102)

K(62,103,104)

C(102) ? C(62) C(102)

K(185)

Mesenchymal stem

cells (186)

C(11,53,79,82,

86,97,187–194)

C(57,75,

91,93)

C(57) C(69,189)

K(195)

C(11,74,75,

91,92)

Skeletal

myoblasts

(47,196)

C(51,52,132,

197,197–199)

K(200)

? ? C(184)

K(198)

C(51,52,132,

201,202)

Embryonic stem

cells (130,203)

C(31,33,204,

205)

C(206) ? C(65,207) C(31,33,208)
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systolic and diastolic cardiac function, and global cardiac performance (Fig. 3). Importantly

this effect took approximately 2 mo (78).

CELL TYPES INVOLVED IN CARDIAC REGENERATION AND REPAIR

Bone Marrow Cells

In general, bone marrow cells have been prepared on the basis of being (1) MSCs purified

on the basis of their fibroblast morphology and ability to divide in culture and to

differentiate into mesodermal lineages (79), and (2) HSCs that express the stem cell factor

(SCF) receptor, c-Kit (Fig. 4). While much controversy exists on how these cells relate to

each other at fundamental biological levels, their use in translational experiments has

proceeded at a rapid pace.

Mesenchymal Stem Cells

MSCs, derived from bone marrow or processed lipoaspirates, are a highly promising cell

type for cardiomyoplasty as they are a true adult stem cell possessing the ability to

Figure 2 Sixty-four times magnification of Prossian Blue section of myocardium. Injected

Feridex labeled mesenchymal stem cells (small arrows) can be seen along the subendocardial border

of myocardium adjacent to necrotic myocytes (large arrows).
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replicate and differentiate into various mesodermal lineages, (79–81) including

spontaneously beating cardiomyocytes (82). Though the isolation of MSCs from

peripheral blood has been reported (83,84), their identification and clinical potential

remain poorly defined. In terms of cell surface markers, MSCs (85) are reported by some

(86) but not all (87) investigators to express c-kit, the 145 KD tyrosine kinase receptor for

SCF (Table 2) (88–90).

Studies on MSC engraftment in rodent and swine models of MI have shown: (i)

functional benefit in post-MI recovery with MSC administration (11,74,75,91,92), (ii)

evidence of neoangiogenesis at the site of the infarct (57,75,91,93), (iii) decrease in

collagen deposition in the region of the scar, and (iv) evidence of cells with a myocyte-

like phenotype, expressing contractile and sarcomeric proteins but lacking functional

organization (11,12). Indeed, our group has found that allogeneic MSCs delivered to a

region of damaged myocardium, engraft and express proteins typically restricted to

cardiac myocytes, vascular endothelium, and smooth muscle (78). Further, engrafted

MSCs reduce the extent of necrotic myocardium, promoting regeneration of new

contractile myocardium along the subendocardial surface of the infarct, thereby restoring

cardiac energy metabolism and subsequently normalizing systolic and diastolic cardiac

function and performance. Finally, MSC’s exhibit minimal MHC class II and ICAM

expression and lack of MHC class I and B-7 costimulatory molecules necessary for

T-cell mediated immune response (94) making them candidates for

allogeneic transplantation.

In addition to potential differentiation capacity, MSCs participate in a coordinated

program of cytokine and growth factor release following MI, marshalling both MSC and

non-MSC cells such as cardiac stem cells to participate in cardiac repair. Injury signals,

such as SDF-1, released from ischemic myocardium recruit MSCs to the area which then

release other chemoattractants including SDF-1, G-CSF, and VEGF, recruiting other cells,
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Figure 3 Physiologic impact of mesenchymal stem cell therapy following anterior myocardial

infarction (MI) in pigs. Pressure-dimension (PD) data from a placebo (A) and a MSC-trehated (B)

pig obtained 3 days (dark black loops) and 8 wk (grey loops) following MI. Placebo animals exhibit

an increase in left-ventricular end-diastolic pressure (LVEDP) and dimension. Both myocardial

contractility, measured by the slope of the end systolic pressure-dimension relationship (ventricular

elastance, Ees), and ventricular stroke work, pressure-dimension loop area, decline in controls.

In MSC-treated animals, Ees and stroke work increase to normal.
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stimulating endogenous cardiac precursor cells to traffic and differentiate, and enhancing

neovascularization (57,95,96). MSCs also reduce inflammation, collagen deposition, and

cardiomyocyte hypertrophy and have been shown to regenerate up to 80–90% of lost

myocardium after ischemic insult (11,12). Further, MSCs may provide anti-apoptotic

stimuli as evidenced by studies demonstrating that MSC transplantation increases vascular

density and blood flow, resulting in decreased apoptosis of hypertrophied myocytes (57).

Table 2 Human Mesenchymal Stem Cells Surface Markers

Positive Negative

CD13 CD102 CD140a CD3 CD21 CD62E,L,S

CD29 CD105 CD166 CD4 CD25 CD80

CD44 CD106 P75 CD6 CD31 CD86

CD49a,b,c,d,e,f CDw119 TGFb1R CD9 CD34 CD95

CD51 CD120a TGFbIIR CD10 CD36 CD117

CD54 CD120b HLA-A,B,C CD11a CD38 CD133

CD58 CD123 SSEA-3 CD14 CD45 SSEA-1

CD71 CD124 SSEA-4 CD15 CD49d

CD73 CD126 D7 CD18 CD50

CD90 CD127

The letters a, b, c, d, e, f signify different subtypes of the CD49 molecule and are part of the standard

nomenclature.

Source: From Ref. 186.

Side Population Cells
Lin-Scal+cKit+CD45+ Bone, cartilage, adipose

tissue

Endodermal,
Mesodermal, and
ectodermal cells

Mesenchymal Stem cells
(Lin, CD34low, c-kit+, Sca−1+,CD45)

Multipotent Adult
Progenitor Cells

(Lin,CD45, Ter119)

(Lin,CD34+, CD38)

(c-klt +, Sea−1+, MDR−1+, Lin)

(flk−1, VE-Cadherin, CD34+, CD31+,
von Willebrand Factor)

Bone
Marrow

Hematopoetic stem cells

Endothelial Progenitor cells

Skeletal Myoblasts

Cardiac Stem cells
-Cardiospheres
-Islet-1+ cells

Blood Cells

Endothelial Cells Embryonic
Stem
Cells

Cardiac Muscle

Skeletal
Muscle

Figure 4 Depiction of stem cell types with their characteristic surface markers.

Saliaris et al.552



Finally, genetically engineered MSCs overexpressing the anti-apoptotic protein Akt1 lead

to dramatic improvements in structure and function when transplanted into ischemic

myocardium (12), suggesting that improved survival of transplanted MSCs is associated

with increased cardiac repair.

Other investigators have identified cell populations with similar potential that appear

to be closely related to MSCs. Jiang et al. (97) identified a population of multipotent adult

progenitor cells (MAPCs) from the marrow of mice, which were found to purify along

with MSCs. When injected into early blastocysts, MAPCs contributed to the formation of

virtually all cell types, including myocardium. It has been postulated that MAPCs

represent a precursor to MCSs that are capable of forming a variety of tissues, including

myocytes and blood vessels thought to be essential for myocardial regeneration.

In addition, side-population cells (SP), defined by their ability to exclude the fluorescent

DNA-binding dye Hoechst 33342 via the verapamil sensitive ATP binding cassette (ABC)

half-transporter, Abcg2 (98,99), obtained both from embryos and adult bone marrow have

been shown to differentiate into both cardiac muscle (9) and bone (100) suggesting that

they may be similar or related to MSC precursors. Finally, there exists a recently

discovered cell type referred to as human BM-derived multipotent stem cells, distinct from

MSCs and capable of differentiating into cardiomyocytes, endothelial cells, and smooth

muscle cells (69). When injected into an area of ischemic myocardium these cells exert

paracrine effects on the host myocardium, preventing apoptosis and stimulating

proliferation of host tissue thereby preserving cardiac function.

Hematopoetic Precursor Cells

The defining properties of HSCs are their ability for radioprotection, self renewal, and

differentiation. Their phenotype is characterized as being CD34C, stem cell antigen

(SCA-1)C, c-kitC, and LinK (101). Early reports indicated that when they engrafted into

infarcted myocardium they form new myocytes, smooth muscle, and endothelial cells,

(102). Moreover, developing myocytes express cytoplasmic and nuclear proteins typical

of adult cardiomyocytes, including connexin 43 necessary for gap junction formation.

Interestingly, although the HSCs were transplanted into the border zone of the infarct,

new myocardium was formed within the infarct, suggesting that the donor cells migrated

to the damaged area (102). The net result was a striking improvement in functional

competence with significant increases in indices of contractility and lower left

ventricular end-diastolic pressures (102). However, these early reports have been

contradicted by more recent studies showing that engraftment of HSC in infarcted

myocardium is transient in nature and results only in the development of hematopoietic

cells rather than cardiomyocytes (62,103,104).

Peripheral Blood–Derived Cells

Endothelial Progenitor Cells

EPCs may play an important role in endothelial maintenance and their use for

cardiomyoplasty is based on the notion that they will induce revascularization of the

ischemic area through a process known as postnatal vasculogenesis. EPCs can be

identified in the peripheral blood by the expression of several cell surface antigens

including CD34, Flk-1, a receptor for vascular endothelial growth factor (VEGF),

(105,106) and CD133 (107–109). The contribution of these cells to vasculogenesis has

been demonstrated by studies showing that this population of cells circulates in the

peripheral blood, expresses CD34 antigen and Flk-1, and can differentiate into
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endothelial cells in vitro and incorporate into sites of active angiogenesis in in vivo

animal models of ischemia (105).

Experimental evidence demonstrates potential salutary effects of EPC adminis-

tration in MI. Human EPCs injected intravenously into rats after MI home to ischemic

areas of myocardium, differentiate into mature endothelial cells, and incorporate into a

vascular network (110). Other studies suggest that EPCs may differentiate into a cardio-

myocyte-like phenotype, expressing myocyte proteins including a-sarcomeric actinin,

troponin I, and atrial natriuretic peptide and exhibiting synchronized calcium transients

and gap junction–mediated communication with adjacent cardiomyocytes (111,112).

On the other hand, endothelial cells derived from the embryonic mouse aorta can

differentiate in vivo into myosin-positive cardiomyocytes and contribute to myocardial

repair and new tissue repair in postischemic myocardium (113). Functional studies of EPC

cardiomyoplasty demonstrate smaller ventricular dimensions, improved LV function,

decreased size of the ischemic area, increased capillary density and coronary

collateralization, and significantly decreased extent of left ventricular scarring (110,114).

The use of these cells in humans is still in the early stages of investigation though

initial results are quite promising. The number and migratory activity of circulating EPCs

inversely correlates with risk factors for coronary artery disease (115) and the number

of circulating CD34CEPC precursors increases significantly in patients with acute MI

(116). Interestingly, the clinical benefit of hydroxymethyl glutaryl coenzyme A reductase

inhibitor therapy in patients with coronary artery disease may be partially due to inhibition

of senescence (117) and increases in number, functional activity (118), and migration

(119) of EPCs. Other interventions that stimulate EPC mobilization, such as erythropoietin

supplementation (120), are currently under investigation.

Endogenous Cardiac Stem Cells

Cardiac myocytes have been traditionally considered to withdraw permanently from the

cell cycle shortly following birth (7). Recent findings from several laboratories now

challenge this notion. First, given that myocyte apoptotic death occurs in normal hearts

during aging, (121) it has become clear that, in the absence of myocyte regeneration, the

normal heart would lose most of its mass in few decades and would not support the

human life span (7). Second, (4,122) mitotic bodies were demonstrated in the myocar-

dium of individuals with MI that increase in MI border zones and, to a lesser extent,

in distant myocardium (3). Finally, studies of female hearts transplanted into male

recipients have revealed the presence of integrated cardiomyocytes containing the Y

chromosome (123,124) as well as an increase in the number of putative progenitor cells

as indicated by the cell surface markers, c-kit, MDR1, or Sca-1 (5).

In 2003, a seminal report described the existence of LinK, c-kit positive cardiac

progenitor cells which possessed the properties of self-renewal, clonogenicity, and

multipotency (59). When injected into ischemic rat myocardium in vivo, these cells led to

the formation of bands of reconstituted myocardium strongly resembling neonatal

myocardium in arteriolar and capillary density. When isolated, regenerated myocytes

were functionally competent, exhibiting sarcomeric shortening and calcium cycling. Several

laboratories subsequently described endogenous cardiac progenitor cells capable of homing

to injured myocardium and differentiating into a cardiac phenotype (8). Notably, Oh and co-

workers described a CPC that was characterized by Sca1 positivity (8), Messina et al. isolated

undifferentiated clonogenic cells expressing stem cell and endothelial progenitor cell

markers that grow as contractile cardiospheres comprising 100–1000 cells (125).

More recently, Laugwitz and colleagues identified isl1C cardiac progenitor cells in rat,
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mouse, and human myocardium capable, in the absence of cell fusion, of developing into a

mature cardiac phenotype with intact Ca2C-cycling, action potentials, and expression of

myocytic markers (126). Interestingly, the SP cells described above have also been isolated

from the myocardium (99) indicating that multiple sources of precursor cells reside in

the heart.

To date limited in vivo data exist describing the functional effects of endogenous

cardiac stem cell transplantation. However, a recent report of intra-aortic injection of

cardiac stem cells in a rat MI model revealed preservation of left ventricular wall

thickness, mass, volume, and function as well as evidence of myocardial regeneration and

infarct size reduction in the absence of cell fusion (67). Thus, this cell type holds great

promise and awaits further study to document its in vivo characteristics.

Skeletal Muscle–Derived Cells

Skeletal muscle precursors with the capacity to regenerate injured muscle have long been

postulated to be of potential value as a cardiac reparative agent. Myoblasts or satellite

cells are easy to obtain and autografts can be used to avoid immunorejection, making

these cells a potentially useful source for cardiomyoplasty (41). When co-cultured with

beating cardiomyocytes, skeletal muscle derived cells differentiate into cardiomyocyte-

like cells, and express cardiac specific proteins, connexin 43 and cadherin (127). In

addition, in vivo transplantation of skeletetal myoblasts into ischemic myocardium

causes them to align in the cardiac fiber direction and switch to low-twitch fiber

phenotype (128). However, enthusiasm over this cell type has been curbed by the

demonstration that the transplanted SM lack a-myosin heavy chain, cardiac troponin I,

and ANP, indicating incomplete trans-differentiation and are functionally isolated from

the host tissue, raising significant concerns of the potential arrythmogenic implications of

skeletal myoblast transplantation (129). Indeed, as outlined below, there is already

evidence suggesting that the use of this cell type may be limited by the development of

ventricular tachyarrythmia.

Embryonic Stem Cells

ESs, derived from the inner cell mass of the blastocyst-stage of early mammalian

embryos, can proliferate indefinitely and be differentiated into derivates of the three

primary germ layers in vitro. These cells can survive in damaged rat myocardium

without immunorejection, differentiate into rod-shaped, striated myocytes and stimulate

increased capillary density (32). Further, they have been shown to functionally couple

with host cardiac myocytes and express connexin 43, supporting the notion that

transplanted cardiac myocytes form a functional syncytium with the host myocardium

in vitro (23). Finally, ES injection into acutely infarcted myocardium results in increased

wall thickness and improved fractional shortening (31). However, the potential for

teratoma formation (130) and ethical concerns over their use has limited their application

in the United States.

DELIVERY ROUTES

The ideal route of delivery for stem cell therapy remains to be established. However,

the ideal delivery system should be safe and ensure that adequate numbers of cells

are delivered to and retained in the myocardium. To date, systemic intravenous (72,110),
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intracoronary (14,74,76,131–139), percutaneous endomyocardial (13,140–144), transe-

picardial (46,49,145–149), and even retrograde coronary venous (50,150) administration

of stem cells have been used. Most animal and early human studies have examined the

impact of direct injection of stem cells into the myocardium during open chest surgery.

While this seems to be a relatively safe and somewhat effective means of delivery,

clinically it is limited to patients undergoing thoracotomy. Percutaneous endomyocardial

delivery of cells involves the use of specialized injection catheters to introduce cells

directly into the myocardium. This technique ensures that the cells are delivered to the

area of interest while avoiding the need for open chest surgery. Other studies have

examined the safety and efficacy of intracoronary artery infusion of stem cells. In these

studies the cells are typically infused through the central lumen of an angioplasty balloon

catheter which is inflated for short periods of time during infusion in order to maximize

the exposure time, and theoretically the engraftment of the stem cells to the host

myocardium. The least invasive method of cell delivery is the systemic intravenous

approach whereby cells are delivered via a peripheral vein. The feasibility of this

approach is based on studies demonstrating the ability of stem cells to home to areas of

ischemia (see below).

HOMING AND MIGRATION OF STEM CELLS

There is accumulating evidence that stem cell homing is directed by injury signal(s)

emanating from the area within or surrounding the infarct. For example, stromal-cell-

derived factor 1 (SDF-1), a chemokine that is a natural ligand for the CXCR4 receptor, is

crucial for bone marrow retention of hematopoietic stem cells (151,152), cardiogenesis

(92), recruitment of EPCs to sites of ischemic tissue (153) and, perhaps, migration of

tissue-committed stem/progenitor cells (154). Interestingly, it was recently shown that the

CXCR4 receptor is strongly expressed by a proportion of MSCs and that it plays an

important role in MSC mobilization (155). Expression of SDF-1 dramatically increases

over the first week following infarction and exogenous expression of SDF-1 increases the

numbers of mobilized BMCs homing to the heart at time periods remote from infarction

(156). Furthermore, tissue ischemia results in upregulation of angiogenic factors,

including VEGF, which through its interaction with its receptors VEGFR2 and

VEGFR1 expressed on bone marrow–derived EPCs, circulating EPCs (CEP), HSCs,

and hematopoietic progenitor cells (HPC), promotes migration of these cells to the site of

injury (157).

Several studies of MSC transplantation have further solidified the evidence for stem

cell migration. For instance, mice pretreated with recombinant rat SCF and recombinant

human G-CSF for 5 days (90) prior to MI demonstrate myocardial regeneration with

formation of myocytes, arterioles, and capillaries and significantly decreased infarct size

and mortality compared to control animals. These results demonstrate that exogenous

cytokines have the potential to induce stem cell mobilization and migration to the infarct,

regenerating functionally integrated myocardium. Also, transplantation of MSCs into the

MI borderzone results in new myocardium formation within the infarct, suggesting MSC

migration to the damaged area (102). Finally, detection of Y chromosome–containing cells

in male recipients of female donor hearts has solidified the evidence for stem cell

migration (5).
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HUMAN TRIALS

Based on the above described preclinical work, a variety of cell-based therapies have

entered early clinical studies. As described below, the results, to date, offer cautious

optimism regarding the future of cellular cardiomyoplasty but also raise cautionary notes

about pro-arrhythmia.

Skeletal Myoblasts

There have been several case reports and very small phase I clinical trials investigating the

feasibility of autologous skeletal myoblast transplantation (46,147,158,159) for ischemic

cardiomyopathy as well as the ability of transplanted cells to survive and differentiate in

human myocardium. Though limited by extremely small numbers of patients (typically

less than 10 to 15) as well as a lack of blinding, control groups and randomization, these

studies suggest potential improvements in left ventricular ejection fraction (147,160),

increased wall thickening (143), and New York Heart Association functional

class(46,160). However, the lack of electromechanical coupling between engrafted SM

and cadiac myocytes in vivo (129,161) has raised serious concerns over the likelihood of

an increase in ventricular tachyarrhythmias secondary to the formation of re-entry circuits

(15,46,143). Indeed, reports of increased arrhythmias in these patients have mandated the

use of ICD placement for enrolled patients (162).

Autologous Mononuclear Bone Marrow Cells (AMBMC)

Based on growing awareness that BM contains a variety of stem cells, preliminary clinical

studies have been conducted using autologous mononuclear bone marrow cells

(AMBMC). The Therapeutic Angiogenesis using Cell Transplantation Study investigators

(163) injected bone marrow mononuclear cells into the gastrocnemius of patients with

lower extremity ischemia and demonstrated significant improvement in ankle-brachial

pressure index, rest pain, and pain-free walking time, concluding that the efficacy of

implantation of these cells is due to the supply of EPCs (Table 3).

Acute MI

As with SM, there have been several small studies evaluating the safety and feasibility

of AMBMC cardiomyoplasty in patients in the peri-infarct period. Although these

studies are also limited by similarly small numbers of patients, lack of blinding, control

groups, and randomization, they do offer promising insights into the potential of

AMBMC transplantation. In the earliest such study, Strauer and colleagues performed a

clinical trial randomizing 20 patients with transmural MI to receive either intracoronary

AMBMC injection 12 hr after acute MI or standard medical therapy. The IC AMBMC

decreased infarct size from 30G13% to 12G7% and also decreased the size of

perfusion defects as assessed by 201thallium scintigraphy by 26% (174G99 cm2 to

128G71 cm2) compared to baseline values (14). Subsequently, Stamm and colleagues

demonstrated similar improvements in perfusion, LV dimensions, and EF in an

uncontrolled, non–blinded phase I study in 12 patients with transmural MI and LV

dysfunction (EF of 39.7G9%). These patients had infarct areas not amenable to surgical

or interventional revascularization and received intraoperative AMBMC injection during

elective CABG performed to bypass occlusions of coronary arteries other than the

infarct vessel in the first 3 mo post-MI (148,149). In the TOPCARE-AMI (135) trial,
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patients post-MI were randomized to receive either AMBMC (nZ9) or peripheral blood

derived progenitor cells (nZ11) into the infarct artery approximately four days after

reperfusion with coronary stenting. Over 90% of the cells derived from peripheral blood

exhibited endothelial cell characteristics including VEGF receptor (KDR), von

Willebrand factor, CD31, and VE-Cadherin while those derived form bone marrow

included cells exhibiting CD34 and CD133. The results demonstrated a w9% absolute

increase in LV ejection fraction (from 51.6G9.6% at baseline to 60.1G8.6% after

4 mo) as well as improvement in wall motion abnormalities in the infarct area, and

reduction in end-systolic LV volume. Furthermore there was complete normalization of

coronary flow reserve in the infarct artery and a significant increase in myocardial

viability within the infarcted segments. Importantly, these improvements did not differ

between patients receiving bone marrow or peripheral blood–derived progenitor cells.

Though this was a pilot trial, limited by the lack of a control group and only four months

of follow-up, the results were quite promising, supporting larger, controlled

clinical trials.

In the recent randomized controlled Intracoronary autologous bone marrow cell

transfer after myocardial infarction; the BOOST randmized controlled clinical trial.

Patients received either intracoronary transfer of AMBMC (nZ30) or standard post-

infarct medical therapy 4 to 8 days after percutaneous coronary intervention for their first

acute ST segment elevation MI. They demonstrated a 6.7G9.5% absolute improvement in

global LV EF in the cell group (46.3G10.6% at baseline to 53.0G15.5% at 6 mo) as

compared to only a 1.1G11.8% increase in the control group (47.8G9.7% at baseline to

48.9G15.2%) (pZ0.0026). Furthermore, stem cell transplantation was also associated

with increased systolic wall motion in the MI border zone. Interestingly, there was no

difference between the control and AMBMC-treated groups with respect to the number of

premature ventricular complexes or ventricular tachyarrythmias as assessed by Holter

monitoring for up to 6 mo of follow-up (134), reassuring data suggesting that AMBMC

therapy did not increase risk for arrhythmias. Importantly, infarct size as measured by late

enhancement MRI was not reduced compared to placebo in BOOST. Recently, in a

clinical study of stem cell homing, Hoffmann and colleagues demonstrated that, when

administered using an intracoronary technique, unselected bone marrow cells engraft in

the infarct center and border zone, while CD34 enriched bone marrow cells preferentially

home to the border zone (164).

In addition to cell therapy there is emerging clinical data regarding the use of bone

marrow–stimulating cytokine cocktails, alone or in combination with cell administration.

The MAGIC cell clinical trial randomized 27 patients undergoing percutaneous coronary

intervention for acute and chronic MI to receive granulocyte-colony stimulating factor

(G-CSF) (nZ10), G-CSF plus peripheral blood mononuclear cell infusion (nZ10) or

standard medical therapy alone (nZ7). They demonstrated after 6 mo of follow-up that

peripheral blood mononuclear cells stimulated by G-CSF and infused into the infarct

related artery resulted in improved exercise capacity, myocardial perfusion (6.3%

absolute decrease in the areas of hypoperfusion as measured by SPECT (11.6G9.6% at

baseline vs. 5.3G5% at 6 mo; pZ0.004)), and improved LV EF as measured by SPECT

[6.7% absolute increase (48.7G8.3% at baseline vs. 55.1G7.4% at 6 mo; pZ0.020)]

compared to baseline (131). Unfortunately, an unexpectedly high rate of in-stent

restenosis was noted in the patients receiving G-CSF, prompting early termination of the

trial (131). Despite the limitations stated above, these data (nw100 patients) offer

promising but not conclusive data regarding the potential of cardiomyoplasty as a

therapy in acute MI. It is clear that properly randomized controlled clinical trials are

needed to elucidate the mechanisms and benefits of the therapeutic modality.
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Chronic Ischemia

Though multiple studies have investigated the safety and feasibility of autologous bone

marrow cell transplantation for ischemic heart disease these too are small and often not

controlled (13,54,141,144,146,165).

Hamano and colleagues performed a non-randomized study of direct injection of

AMBMC into the ungraftable or peri-infarct myocardium during CABG in 5 patients and

found improved perfusion to the treated areas up to one year after surgery (146). Ozbaran

and colleagues injected peripheral blood stem cells mobilized with G-CSF into the

myocardium of 6 patients with severe ischemic cardiomyopathy (EF!25%)

demonstrating significant improvements in NYHA functional class and quality of

life (166). However, it is important to note that it is difficult to determine how much

of the improvement in perfusion is secondary to the stem cells as opposed to the

surgical revascularization.

Several small non-randomized studies of sample sizes less than 20 using catheter

based injections of AMBMC into chronically ischemic myocardium have demonstrated

improvement in myocardial function and perfusion as well as symptoms (13,141,144).

Perin and colleagues performed a nonrandomized, open-labeled study comparing

AMBMC injection (nZ14) to standard therapy (nZ7) in 21 patients with severe

ischemic HF. They used a NOGA catheter to percutaneously inject AMBMC into the

hibernating myocardium of patients with severe ischemic HF. They showed a 73%

reduction in the total reversible perfusion defect, improved mechanical function of

injected segements as determined by electromechanical mapping, improved EF (9%)

and global LV function, as well as improved New York Heart Association functional

class and Canadian Cardiovascular Society Angina score (13). Together these results

support ongoing research into AMBMC transplants for chronic ischemic cardiomyo-

pathy (167).

Mesenchymal Stem Cells

Early studies have also investigated the use of MSCs in Acute MI. Chen and colleagues

(139) randomized patients (nZ69) who had undergone coronary catheterization within

12 hr after onset of acute MI to receive intracoronary injection of autologous MSCs or

saline w18 days after the acute event. Using positron emission tomography, cardiac

catheterization, and cardiac echocardiography they demonstrated significantly improved

left ventricular function in the MSC-treated patients. Other, non-cardiac, uses of

MSC transplantation include their administration for the prevention of lethal graft

versus host disease in bone marrow transplant patients (168–170) and osteogenesis

imperfecta (171–175).

POTENTIAL COMPLICATIONS

As outlined above, multiple studies have safely delivered stem cells to patients. However,

concerns remain regarding the potential complications of cellular cardiomyoplasty. While

systemic delivery of cells appears safe, it may be limited by trapping substantial numbers

of cells in the lungs and other tissues (176,177). While intracoronary delivery offers better

localization of cells to the myocardium there is evidence suggesting that this technique

may cause myocardial microinfarctions (133). Direct intramyocardial delivery of cells

may lead to the stimulation of arrhythmias during the injection procedure or puncture of
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the myocardium with resultant tamponade. However, there is emerging experience that

these techniques have acceptable safety (13,44,74,133,142).

Adult stem cells may evolve spontaneous genetic changes leading to tumorigenicity

(178–180). Indeed, it has been shown that bone marrow cells can migrate and integrate

into gliomas after intravascular delivery (181) and play an important role in the

angiogenesis and progression of neuroblastomas (182). These in vivo reports highlight the

need for long-term preclinical studies and phase I safety studies with candidate cell types

before entry into clinical trials.

CONCLUSION

The field of stem cell–mediated myocardial repair has advanced rapidly over the past few

years, with early studies being performed in humans. Emerging results suggest that this

therapeutic approach may hold substantial promise for the treatment of a host of diseases

of the myocardium. While this field is at an early stage, both basic and translational

research approaches are proceeding at a rapid pace. The performance of clinical trials with

rigorous design informed by appropriate pre-clinical and mechanistic studies will clarify

the role for this new therapy in the armamentarium of approaches to structural heart

disease.
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INTRODUCTION

Pharmacological and device-based therapies described in detail elsewhere in this text

continue to provide significant benefits for heart failure patients. However, heart failure

remains a growing cause of morbidity and mortality, prompting exploration of novel

therapeutic approaches, including genetic therapies which facilitate highly specific and

local manipulation of molecular pathways for which often no pharmacologic reagent

exists. In the process, the contributions of particular pathways to disease pathogenesis can

be assessed and mechanistic hypotheses tested, thereby validating potential targets for

intervention through a variety of approaches including traditional pharmaceutical

development. Thus, gene transfer offers not only an opportunity for therapy but also an

experimental tool that can facilitate a range of treatment approaches.

While the ability to reprogram the heart genetically represents an exciting and

innovative approach, it is vital to remember that these procedures carry a risk of serious (1)

or even fatal consequences (2) that may be difficult to anticipate fully. Therefore, we

believe that until the safety of a particular formulation has been definitively established, it

should be reserved for investigational use in patients with a compelling clinical need for

whom conventional therapeutic options have been exhausted. Despite these legitimate

concerns, we also believe there is reason to explore gene therapy as an option in selected

clinical settings and that advanced heart failure is one of these. As discussed below, this

cautious enthusiasm is prompted by recent developments that suggest such effective

therapy for heart failure may be feasible. These include improved vector and delivery

systems, as well as a growing understanding of the pathophysiological mechanisms of

heart failure that help guide the choice of molecular targets.

In addition to these considerations, several features of the target population support

further investigation of this approach. First, the poor prognosis of specific subsets of heart

failure patients provides a clinical imperative for creative approaches. Second, genetic

intervention in the heart is likely a more feasible target than the widely distributed targets

in genetic conditions being considered for gene therapy. Undoubtedly the wealth of

catheter-based interventional experience that has accumulated in cardiology will provide
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an important advantage in the development of delivery strategies. Finally, the advanced

age of many heart failure patients enhances the feasibility of genetic therapy. For example,

the technical requirements for durability of transgene expression may be more modest in

this setting than in treating inborn errors of metabolism where the hope would be for early

delivery and lifelong expression. In heart failure, even months to years of improved

function could have a significant benefit on patient quality of life or perhaps even

favorably influence disease evolution. In this population, concerns about reproductive

risks after gene therapy are also generally alleviated.

These features of the target population, in combination with the scientific advances

noted above, prompt careful consideration of genetic interventions for heart failure.

Clinical success of this approach in any context depends on an appropriate combination of

three essential components: a vector (or packaging system for the genetic material), a

delivery system to get this material to the target organ, and (perhaps most important) a

validated molecular target for intervention. In this chapter, we review the status of these

three components with a focus on approaches most relevant to heart failure.

VECTORS FOR CARDIAC GENE TRANSFER

Vectors provide the packaging for the therapeutic genetic material. While a variety of

systems are available (Table 1) (3–5), many of these are not applicable to the heart, which

necessitates gene transfer in vivo and usually targets cardiomyocytes which generally are

not replicating. The vectors most relevant to the heart are discussed briefly below.

Plasmid DNA

Simple DNA expression plasmids, termed “naked DNA” since they are not clothed in a

more elaborate packaging system, can be internalized after injection into the heart to

mediate transgene expression. An appeal of this approach is that it minimizes biosafety

concerns. On the other hand, these vectors produce low-level and relatively inefficient

transgene expression. Whether this expression suffices will obviously depend on the context

and biological goals. For example, muscle injection of plasmid vectors encoding secreted

angiogenesis factors has demonstrated significant biological effects in animal models (6–8),

presumably because of the cascade of paracrine effects these growth factors can mediate. In

contrast, improving cardiac function through expression of genes that act only in the

transduced cells (cell autonomous transgenes) likely requires a more robust expression

vector. It may be possible to modify plasmid vectors chemically to improve their

effectiveness without invoking substantial biosafety concerns. For example, liposomal

preparations use an artificial lipid bilayer to surround the DNA that facilitates cell

internalization (9). In the heart, liposomal gene transfer is still relatively inefficient but

engenders less of an inflammatory reaction in comparison to adenoviral vectors (10),

leading to an enhanced biological efficacy. Liposomal-plasmid DNA micelles can be used

in combination with gas-filled microbubbles, similar to those used in echocardiography for

contrast. After intravenous injection, ultrasound can be used to stimulate uptake of the

plasmid into the myocardium (11). Other strategies include the incorporation of proteins

into the liposomal shell that enhance cellular entry (such as the HIV tat protein) (10,12). It is

hoped that these ongoing efforts will ultimately yield chemical reagents capable of

mediating highly effective cardiac gene transfer with minimal biosafety concerns.

However, currently most efforts targeting cardiac dysfunction have utilized viral vectors

because of their ability to achieve high-level and highly efficient cardiac gene transfer. Viral

vectors useful for cardiac gene transfer are discussed below.
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Adenoviral Vectors

Adenoviruses are double-stranded DNA viruses that have significant advantages for cardiac

gene transfer. First, they can be prepared at extremely high titers, typically in the range of

1012 particles/ml. Second, they can efficiently infect non-replicating cells, yielding high-

efficiency and high-level transduction of cardiomyocytes in vitro and in vivo (13). However,

these advantages are counterbalanced by disadvantages, most importantly transient

expression and a potent host immune and inflammatory response. After vascular gene

transfer, this inflammatory response is marked by upregulation of adhesion molecules,

increased leuckocytes infiltration, and the development of neointimal hyperplasia (14).

Cardiac gene transfer with original (first generation) adenoviral vectors usually achieves

high-level transgene expression lasting approximately one week in animal models in vivo

(13,15–17). Expression is then terminated or markedly attenuated by the host cellular

immune response.

Table 1 Vectors for Cardiac Gene Transfer

Vector

Duration of

expression Advantages Disadvantages

Plasmid DNA 4–7 days Favorable bio

safety profile

Low efficiency, low level

expression

Adenovirus 7–28 days, longer

with new gener-

ation

High efficiency

and high level of

expression;

minimal con-

cerns about

insertional

effects

Transient expression; host

immune and inflammatory

response—particularly

with early generation

vectors

Adeno-associated

virus

Months to years Durable expression

Little host

cellular immune

or inflammatory

response

Unable to package large

constructs. Delayed onset

of transgene expression.

Possibility of insertional

mutagenesis and/or

adverse activation of

neighboring genes. Large-

scale production of clini-

cal grade vectors remains

challenging

Lentivirus

(pseudo-typed

virus)

Months to years Durable expression

High efficiency

Large-scale production of

clinical grade vectors

remains challenging

Integration can cause inser-

tional mutagenesis and/or

adverse activation of

neighboring genes

Derivative of HIV family

raises some biosafety

issues

Herpesvirus/

amplicon

Weeks Ability to package

large transgenes

Complex construction
Tropism for neurons
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Several approaches are being investigated in hopes of overcoming these

disadvantages while retaining the beneficial features of these vectors. Mutation or deletion

of additional early adenoviral genes in second generation vectors can significantly attenuate

viral gene expression and therefore the host immune response to the vectors, resulting in

more durable expression (18). Newer gutless adenoviral vectors have also been engineered

through recombination that lack virtually all viral genes, not only further eliminating viral

gene expression but increasing the size of the transgene that can be encoded (19). These

approaches also further reduce the chance of generating wild-type adenovirus through

recombination events. In contrast, retaining some specific adenoviral genes can

paradoxically also mitigate the host response by co-opting natural viral defenses that

have evolved to escape the host immune system. Inclusion of the E3 region in adenoviral

vectors reduced vascular inflammation and neointimal hyperplasia after arterial gene

transfer in vivo (20). Additional study is needed to clarify the long-term effects of these

modified vectors in the heart.

Adeno-Associated Viruses

Recombinant adeno-associated viruses (rAAV) are single-stranded DNA viruses derived

from parvoviruses not known to be pathogenic in human disease and do not elicit a

significant cellular immune response (3,21,22). rAAV effect durable transgene expression

that can last months to years in many systems (21,23,24). rAAV cardiac gene transfer

generally confers lower levels of initial but more sustained transgene expression when

compared to the adenoviral vectors described above (3,21,22). For these reasons, rAAV

may be particularly well suited for sustained expression of secreted gene products.

Whether rAAV can mediate enough transgene expression to favorably alter heart

function as has been achieved with adenovirus (25), is less clear. Production of large

amounts of clinical grade rAAV remains challenging with current generation and

purification techniques.

Recently, Samulski and colleagues have developed a promising approach to

improving the relatively low-level and delayed initial expression seen with traditional

AAV vectors. Utilizing a single-stranded, self-complementary DNA molecule, they have

demonstrated accelerated and enhanced transgene expression (26). These differences

could be critical in clinical settings where early and robust transgene expression is needed.

The application of this system to cardiac gene transfer has not been reported as of this

writing. Of note, however, is that the use of self-complementing DNA constructs further

reduces the already stringent packaging constraints of AAV vectors and thus is reserved

for small expression constructs (!2 kb), excluding many of the molecular targets being

considered in heart failure. More recently identified serotypes may prove useful as well.

AAV8 appears to have a robust tropism for striated muscle, including the heart (27). This

particular serotype outperforms AAV1 in cardiac muscle transduction after intravenous

administration, but not after intramuscular injection in mice, suggesting that an additional

barrier to successful gene transfer for these vectors is the ability to traverse the blood

vessel wall (27).

Lentiviruses

Although related to retroviruses, lentiviruses (in contrast to traditional retroviruses) can

effectively infect nondividing cells and thus are potentially useful for cardiac gene

transfer. Lentiviruses encode an RNA genome which is reverse-transcribed to DNA in the

host cell that subsequently integrates into the host chromosome. Pseudotyping the
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lentiviral envelope by employing the envelope of vesicular stomatitis virus (VSV)

generates lentiviral vectors with a much broader host cell range (28). Lentiviral gene

vectors have been successfully employed in a wide variety of cell types, including

cardiomyocytes (28–33). Chromosomal insertion increases the durability of transgene

expression but also raises concerns about the risk of insertional mutagenesis or activation

of neighboring oncogenes, as seen in recent clinical trials using retroviral vectors (34,35).

Herpesvirus/Amplicons

Vectors derived from herpes simplex 1 (HSV-1) infect both dividing and non-dividing

cells, and manifest a broad host cell range (though with a predilection favoring neuronal

infection). HSV-1-derived vectors can encode relatively large transgenes (O35 kb), and

this characteristic has been used to advantage in studies of large transgenes of interest to

cardiac function such as the ryanodine receptors and titin (36). Such studies would not be

possible with most other vectors. In addition to HSV-1-derived vectors which insert

transgenes into the viral backbone, plasmids engineered to contain the HSV origin of

replication and packaging signal, known as HSV amplicons, can also be used to produce

infective virions. These amplicon plasmids can only incorporate up to 8 kb of exogenous

DNA. Amplicon HSV vectors have been used to efficiently transduce cardiomyocytes

in vitro and cardiac tissues ex vivo (37), although their in vivo efficacy has not been

demonstrated for cardiac gene transfer.

Adverse Effects

As discussed above, none of the currently available vectors is ideal and all carry some risk of

adverse side effects. Although no deaths attributable to gene transfer have occurred in

cardiac gene therapy trials, fatal and serious complications have occurred in other such trials

and provide an important cautionary note as cardiac gene therapy efforts move forward. In

one instance, a 17 yr-old volunteer with mild ornithine transcarbamylase (OTC) deficiency,

which can cause neurological symptoms, died after hepatic infusion of large quantities of a

second-generation adenoviral vector (38). In retrospect, the patient likely developed the

systemic inflammatory response syndrome with activation of the complement cascade,

culminating in his demise despite intensive medical efforts (2,39). In another case, retroviral

gene transfer to bone marrow stem cells from children afflicted with X-linked severe

combined immunodeficiency syndrome (X-SCID) produced durable disease remission (40)

but was complicated by a leukemia-like syndrome marked by clonal T-cell proliferation (1).

Analyses linked this complication to construct insertion leading to increased levels of proto-

oncogene expression. Though the theoretical risk of such insertional events had been well

recognized, the alarmingly high frequency (occurring in two of the ten patients) (1) was

entirely unanticipated. These cases should serve as humbling reminders of how limited our

understanding remains and underscore the importance of considering these approaches only

after exhausting conventional therapeutic options and carefully weighing the potential risks

and benefits of genetic intervention.

DELIVERY SYSTEMS

A large number of systems have been investigated in animal models (32,41–45), although

clinical experience with these systems is limited. Some systems employed with healthy

animals may not be readily translatable to ill cardiac patients who are the intended
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recipients. Importantly, different technical approaches produced dramatically different

levels and patterns of transgene expression and thus must be chosen in the context of the

disease and biological targets being considered. In general, direct myocardial injection

(whether at surgery or via a catheter) produces high-level though focal transgene

expression. In contrast, perfusion techniques tend to confer more diffuse and

homogeneous, though lower-level expression. In addition, they carry a higher risk of

systemic dissemination of vector.

Myocardial Injection

Direct myocardial injection was one of the first techniques utilized clinically (46) and has

several advantageous characteristics. Injection can be targeted to specific areas likely to

benefit from gene transfer, simultaneously enhancing the effect in these regions while

mitigating potentially adverse effects in regions where it is not needed. Genes delivered in

this way are also less likely to be disseminated into the systemic circulation. In addition,

direct injection avoids barriers to vascular access presented by pre-existing coronary

stenoses or other vascular abnormalities. However, the highly focal nature of transgene

expression will generally not be appropriate when gene transfer to a majority of the heart is

required. Even covering a significant subsection of myocardium may require many

injections, and thus could increase the risk of mechanical complications, such as

myocardial rupture. This may be a particular concern for patients with advanced heart

failure whose general debilitation in combination with thinned myocardial walls could

increase these risks.

Perfusion-Based Approaches

An alternative to direct myocardial injection is perfusion of vector solution through the

vascular system of the heart. Intracoronary infusion of vector has been reported to produce

efficient myocardial transduction (47–49), although systemic vector dissemination with

this technique remains a concern. Gene transfer to the entire heart in animal models can be

enhanced by using whole heart perfusion with cross-clamping of the aorta alone or in

combination with the pulmonary artery (42,50). The technique produces relatively

homogeneous and diffuse cardiac transgene expression but, more importantly, can alter the

intrinsic contractile function of the heart (42,51). Possible approaches to extending this

conceptual approach to clinical applications include whole-heart perfusion during

cardiopulmonary bypass (52) or retroperfusion via catheters (53). Perfusion-based

approaches generally confer more widely distributed but lower levels of transgene

expression than the direct injection approaches. The optimal choice will obviously directly

depend on the target and biological goals.

BIOLOGICAL TARGETS IN HEART FAILURE

Given the diverse etiologies of clinical heart failure, one strategy is to target genetic

interventions to characteristics common to many forms of heart failure. Targets that appear

particularly promising include cardiomyocyte apoptosis, abnormalities in cardiomyocyte

calcium handling, and dysfunctional adrenergic signaling (Table 2). These are discussed

below.
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Cardiomyocyte Apoptosis

Cardiomyocyte apoptosis has been documented in many forms of cardiac disease,

including heart failure of diverse etiologies [reviewed in (54)]. Although the prevalence of

apoptotic cardiomyocytes in human heart failure is low, studies in transgenic mice suggest

that comparably low levels of programmed cell death or apoptosis in cardiomyocytes can

cause a lethal cardiomyopathy (55). Despite the conceptual importance of this finding, it

still leaves open the critical clinical question as to the extent of anatomic and functional

benefit to be gained in common varieties of heart failure through inhibition of apoptosis.

For example, would cardiomyocytes simply go on to die through another mechanism or,

perhaps, survive but function poorly? Despite these concerns, recent animal studies

activating anti-apoptotic pathways in models of myocyte loss and/or dysfunction suggest

these approaches may yield substantial benefits. These benefits likely reflect the role of

convergent signaling pathways in controlling both cardiomyocyte survival and function.

Because of this, highly specific interventions can, in fact, promote overall survival and

improved function of cardiomyocytes, thus mediating what we would consider

“meaningful rescue.” Representative anti-apoptotic targets being explored are

discussed below.

Table 2 Potential Targets for Gene Therapy in Heart Failure

Targeted process Molecular targets Status Comments

Cardiomyocyte

death

Anti-apoptotic trans-

genes [Bcl-2 overex-

pression (56),

overexpression of

Akt or other pro-

survival kinases]

Demonstrated acute and

mid-term benefits in

animal models of

acute ischemic injury

(64) and/or

remodeling (56)

post-infarction

Greater than expected

benefit in vivo may

reflect combined

effects on cardio-

myocyte survival and

function
Complexity of signal-

ing pathways raises

possibility of ligand

expression (69)

Calcium

handling

SERCA2a overexpres-

sion (51)

Strongest pre-clinical

data in a variety of

animal models and

human cells in vitro

support SERCA2a

overexpression

Clinical trial will utilize

rAAV vectors

Phospholamban inhi-

bition (80)

Clinical trial being

initiated for LVAD

patients (74)

Adrenergic

receptors and

downstream

signaling

b2-AR overexpression

(71); bARKct

expression (72)

Strong pre-clinical data

in a variety of models

Clinical trial will utilize

an adenoviral vector

Adenylyl cyclase VI

overexpression (49)

Ongoing clinical trial

for heart failure

patients (74)

Abbreviation: LVAD, left ventricular assist device.
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Bcl-2

Bcl-2 is a mitochondrial-associated protein with anti-apoptotic effects in many cell

systems. In the heart, injection of an adenoviral vector encoding Bcl-2 after transient

coronary ligation had significant favorable effects on left ventricular remodeling six

weeks after ischemic injury despite comparable initial infarcts (56). These cardiac effects

were associated with a reduction in the apoptotic index at 6 weeks from 2.77 to 1.01%

(56). Since even lower levels of apoptosis can cause a cardiomyopathy over time (55), it

seems plausible that this reduction in apoptosis contributes to the favorable effects on

ventricular function and geometry observed after Bcl-2 gene transfer. Given the clinical

importance of adverse ventricular remodeling to the development of heart failure, as well

as the clinically relevant time-frame of vector infusion, this strategy warrants

further investigation.

The potential importance of Bcl-family proteins is also illustrated in studies that

model the heart failure that develops in patients treated with the chemotherapeutic agent,

trastuzumab (herceptin). Mice in which ErbB2, the receptor target of trastuzumab, has

been genetically deleted in cardiomyocytes, develop a dilated cardiomyopathy

(57,58) which can be prevented by gene transfer of another anti-apoptotic Bcl-family

protein, Bcl-xL (58) even though there is little apparent apoptosis in these hearts. While it

may be that small changes in cardiomyocyte apoptosis account for these functional effects,

we have recently proposed an alternative explanation based on our finding that antibodies

to ErbB2 cause mitochondrial dysfunction and reduced ATP levels in association with

apoptotic signaling, without inducing substantial apoptosis (59). It seems likely that

mitochondrial dysfunction contributes to cardiomyocyte dysfunction, and that this, in

combination with the cardiomyocyte death, results in the observed overall cardiac

dysfunction. Interestingly, antibody treatment dramatically increased the ratio of pro-

apoptotic Bcl-xs to anti-apoptotic Bcl-xL (59). The significance of these changes was

demonstrated by protein transduction using the BH4 domain of Bcl-xL which both

restored ATP levels and prevented mitochondrial dysfunction in cardiomyocytes. This

“interrupted apoptosis” may contribute to heart failure both by impairing cardiomyocyte

energetics and function, as well as by making cardiomyocytes more susceptible to

apoptosis after additional stresses. Interestingly, failing human hearts similarly

demonstrate widespread activation of apoptotic signaling and a relative paucity of frankly

apoptotic cardiomyocytes (60). These observations suggest that the benefits of anti-

apoptotic signaling may be even greater than would be predicted based simply on the

number of overtly apoptotic cardiomyocytes.

Phosphoinositide 3-Kinase/Akt Signaling

Cantley and colleagues first identified this pathway as a key arbiter of cell survival in a

variety of settings (61,62). In the heart, numerous cardioprotective peptides including

insulin, gp130-dependent cytokines, and Insulin-like Growth Factor I (IGF-I), activate this

signaling pathway, which prompted evaluation of the role of phosphoinositide 3-kinase

(PI 3-kinase) and Akt (also known as Protein Kinase B) in the heart. These studies lend

further support to the concept that anti-apoptotic interventions hold promise in cardiac

dysfunction because of their dual ability to influence cardiomyocyte survival and function

favorably. Adenoviral expression of activated mutant of PI 3-kinase or Akt inhibits

apoptosis in cardiomyocytes (63). Importantly, adenoviral activation of Akt also prevents

cardiomyocyte dysfunction in vitro and in vivo, while expression of a dominant-negative

Akt construct increases hypoxia-induced cardiomyocyte dysfunction (64). Thus Akt

represents an important node in cardiomyocyte signaling that controls both survival and
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function, and these two effects likely underlie the dramatic in vivo benefits of acute Akt

activation (64).

Long-Term Effects of Akt Activation

Although these studies demonstrate that acute Akt activation mediates potent pro-survival

and functional benefits in cardiomyocytes, paradoxically Akt phosphorylation is actually

increased in the hearts of chronic heart failure patients (65). This finding suggested to us

that chronic Akt activation could become maladaptive over time. To address this issue, we

engineered transgenic mice with cardiac-specific expression of the same activated Akt

shown previously to protect cardiomyocytes acutely (66). These mice have concentric

hypertrophy, preserved systolic function, and no overt cardiac disease at baseline (66).

However, in a Langendorff isolated heart model of ischemia and reperfusion, functional

recovery of these hearts is dramatically impaired in association with a substantial increase

in infarct size and CPK release (67). Biochemical analyses revealed no change

in downstream or parallel signaling pathways that appeared to account for these dramatic

adverse consequences of chronic Akt activation. However, chronic Akt activation did lead

to impressive feedback inhibition of upstream signaling in the same pathway.

Specifically, levels of the adaptor proteins, IRS-1 and-2 (which link tyrosine kinase

receptors to PI3-kinase) were significantly reduced, thereby inhibiting activation of

PI3-kinase (67). Adenoviral cardiac gene transfer of a PI 3-kinase mutant that functions

independently of IRS-proteins restored functional recovery and reduced injury after

ischemia-reperfusion, thus establishing the importance of PI3-kinase-dependent but Akt-

independent pathways in regulating cardiomyocyte survival and function. Intriguingly, a

similar reduction in IRS-1 was evident in cardiac tissue from patients with heart failure

suggesting that chronic Akt activation may lead to a similar feedback inhibition of

upstream signaling in heart failure patients as well (67). We hypothesize that multiple

parallel pathways downstream of PI 3-kinase control cardiomyocyte survival and function.

In addition to Akt, serum and glucocorticoid-responsive kinase-1 (SGK1), another

PI3-kinase-dependent kinase with homology to Akt, also appears to be an important

regulator of cardiomyocyte survival (68). Interestingly, SGK1 phosphorylation (activation)

is reduced by chronic Akt activation in the heart (67). One approach to dealing with the

evident complexity of this system would be the gene transfer of a cardioprotective ligand,

such as IGF-I (69), capable of simultaneously activating all these downstream pathways

(Fig. 1). We have recently shown that this can mediate autocrine and paracrine

cardioprotection after gene transfer in the heart without elevating systemic IGF-I levels

(69). Whichever construct ultimately proves optimal, these studies lend support to the

strategy of targeting survival signaling and illustrate the utility of gene transfer as an

experimental tool that will likely contribute to a more complete understanding of the

signals controlling cardiomyocyte survival essential to exploiting the therapeutic potential

of this approach fully.

Preserving Cardiomyocyte Function

In both animal models and clinical heart failure, calcium handling and adrenergic

signaling are consistently impaired, providing an impetus to target these pathways in the

hope of preventing or reversing cardiomyocyte contractile dysfunction.
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b-Adrenergic Signaling

b-Adrenergic signaling initiated by catecholamine binding to cell-surface receptors is a

critical determinant of myocardial contractility. b-adrenergic receptors are downregulated

in chronic heart failure (70). Several approaches have been explored to restore adrenergic

signaling in heart failure through gene transfer. Cardiac gene transfer of the b2-adrenergic

receptor (b2-AR) improves left ventricular contractility both at baseline and in response to

isoproterenol in rabbits (71). Inactivation of bAR occurs at least in part through

phosphorylation mediated by the bAR kinase (bARK1) prompting efforts to inhibit

bARK1 through expression of a peptide inhibitor (bARKct) (72). Adenoviral gene transfer

of bARKct preserves b2-AR density and signaling in a rabbit model of post-infarction

heart failure thereby mitigating cardiac dysfunction (73). cAMP mediates many of the

effects of adrenergic signaling, and improved cardiac function in a pig model of pacing-

induced cardiac dysfunction has recently been demonstrated after gene transfer of type VI

adenylyl cyclase (49). A Phase I/II clinical trial is currently underway using this approach

in heart failure patients (74). Although these approaches appear quite promising, their

long-term consequences are incompletely understood. Moreover, the concept of

amplifying adrenergic signaling at any of these levels (receptor, its kinase, or downstream

signaling) appears to counter the well-documented clinical benefits of b-adrenergic

antagonists in heart failure (75). Particularly in heart failure patients, it is worth

remembering that there is historical precedent for the improved cardiac function seen with

some inotropes to be offset by an increase in mortality (76).

Calcium Handling

Strategies to improve the cardiac calcium handling are actively being pursued in a variety

of models. The sarcoplasmic reticulum (SR) plays a critical role in taking calcium into the

SR during diastole through the action of the SR calcium adenosine triphosphatase pump

(SR-ATPase), SERCA2a. Phospholamban binds to SERCA2a and inhibits its activity.

Insulin

Akt

IRS

IGF-I

PI3-K

SGK

P
degradation

IRS

GSK3

CELL SURVIVAL
AND GROWTH

Figure 1 Schematic of P13K signaling pathways. Multiple P13K-dependent pathways modulate

cell survival and growth, including Akt and SGK. There is feedback inhibition is this system, as well

as convergent downstream targets, although Akt and SGK likely also signal through distinct

downstream effectors.
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SERCA2a and SR Ca2C-ATPase activity are reduced in heart failure (77,78). Rational

strategies to restoring SR ATPase activity include overexpression of SERCA2a as well as

inhibition of phospholamban. The latter can be effected through the introduction of

antisense RNA to bind to and prevent the translation of the phospholamban mRNA, or

through dominant negative constructs encoding mutant phospholamban proteins that

interfere with the function of the endogenous gene products. Adenoviral expression of

SERCA2a improves the dysfunction seen in failing human cardiomyocytes in vitro (79),

while in vivo cardiac gene transfer of SERCA2a improves both systolic and diastolic

function, as well as survival in a rat heart failure model (51). These studies provide

important conceptual support for the hypothesis that SR ATPase abnormalities are critical

contributors to the pathophysiology of heart failure and suggest that gene transfer of

SERCA2a could well be beneficial in heart failure patients. Similarly, overexpression of

dominant negative phospholamban using rAAV in a hamster model of cardiomyopathy led

to long-term functional improvement in vivo (80). Importantly, there is reason to believe

that these approaches will not incur the same adverse effects seen with other positive

inotropes. First, SERCA2a gene transfer increases contractility without increasing cAMP

or energy requirements. Moreover, survival is actually improved by this intervention in

preclinical animal models (81). Nevertheless, these concepts will require rigorous

clinical validation and a clinical trial of SERCA2a gene therapy for end-stage heart failure

patients requiring ventricular assist devices is being initiated at the time of this writing (74).

SUMMARY AND CONCLUSIONS

The persistently poor prognosis in specific subsets of heart failure patients prompts careful

consideration of novel therapeutic approaches, including targeted genetic therapies.

Exploration of such approaches is warranted not only by this clinical need but also because

recent improvements in vectors, catheter-based delivery systems, as well as our

understanding and validation of potential molecular targets have increased the feasibility

of this strategy. Nevertheless, the risks associated with gene therapy remain significant and

difficult to fully anticipate. For these reasons, we advocate clinical studies of this approach

proceed first in patients with significant cardiac impairment and in whom conventional

therapeutic options have already been fully explored. Potential strategies under active

investigation include inhibition of cardiomyocyte programmed cell death, as well as

targeted approaches to improve myocyte contraction. While it is hoped that ongoing

investigations will generate viable and clinically validated genetic therapies, an under-

appreciated benefit of this work is the insight it provides into disease pathogenesis. Thus

gene transfer offers both a novel therapeutic modality as well as an experimental tool,

allowing us to validate targets for intervention whether through genetic or more traditional

pharmaceutical means.
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INTRODUCTION

Cardiomyopathies are disorders of the myocardium that arise from a variety of etiologies

and culminate in hypertrophic or dilated remodeling of the heart. Over the past two

decades, there have been significant scientific advances in the study of primary

cardiomyopathies—disorders of cardiac myocytes that remodel the myocardium in the

absence of other underlying or contributing disease process. Inherited gene defects are

increasingly recognized as the most common cause of hypertrophic cardiomyopathy

(HCM) and a frequent cause of dilated cardiomyopathy. Elucidation of the molecular

pathways that lead from gene mutation to clinical phenotype will have profound effects

not only on our fundamental understanding of broader issues of basic myocyte structure

and function, but will also importantly influence our practical approach to the management

of disease.

HYPERTROPHIC CARDIOMYOPATHY

Although HCM was initially described over 100 years ago, the modern characterization

dates to 1959, and the molecular genetic basis was determined in the early 1990s. The

diagnosis of HCM is typically based on the finding of unexplained left ventricular

hypertrophy (LVH) that develops in the absence of other systemic or cardiac conditions

(such as hypertension or valvular heart disease) (Fig. 1).

The histopathologic hallmarks of this condition are myocyte hypertrophy with

myocardial disarray and fibrosis (Fig. 2). The distribution of disarray may be patchy and

typically affects the deeper myocardial layers; therefore, catheter-based endomyocardial

biopsy is often non-diagnostic. Although small amounts of myocyte disarray may be seen

in other forms of cardiac disease, the higher degree of disarray present in HCM is

distinctive. Genetic studies have defined HCM to be a disease of the sarcomere, caused by

dominant mutations in genes encoding different components of the contractile

apparatus (Fig. 3).
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The prevalence of unexplained LVH in the general population is estimated to be one

in 500 (1). The prevalence of sarcomere mutations in different populations is unclear, but a

small number of genetic epidemiological studies have been performed to attempt to

address this. No specific racial or ethnic predilections have been identified. Direct DNA

sequencing of six sarcomere genes (MYH7, TNNT2, TNNI3, TPM1, ACTC, MYBPC3)

performed on a cohort of 389 unrelated probands referred to a single center for

management of symptomatic HCM identified sarcomere mutations in 147/389 (38%)

individuals, most commonly involving MYH7 and MYBPC3 (87% of mutation positive

individuals) (2–5). In a separate study, direct DNA sequencing of eight sarcomere proteins

(above plus myosin essential and regulatory light chains) was performed on probands with

symptomatic and asymptomatic HCM. 187/249 (75%) of these probands were found to

Figure 1 Gross cardiac pathology showing hypertrophic cardiomyopathy (HCM) (A) and normal

morphology (B). Note the marked increase in left ventricular wall thickness associated with HCM.

Figure 2 Histologic section from a patient with hypertrophic cardiomyopathy (HCM) (A) stained

with Masson’s trichrome shows characteristic myocyte disarray, hypertrophy, and increased

interstitial fibrosis. This is in contrast to the orderly arrangement of myocytes and scant interstitial

fibrosis characteristic of normal myocardium, stained with hematoxylin and eosin (B).
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carry sarcomere gene mutations, 73% in MYH7 and MYBPC3 (5a). Overall, sarcomere

gene mutations may account for up to 75% of unexplained LVH that fulfills clinical

criteria for HCM, making HCM the most common genetic cardiovascular disorder (6). The

prevalence of HCM in the general population contributes to why this diagnosis leads all

other causes of sudden death among competitive athletes in the United States (7,8).

PHENOTYPE AND NATURAL HISTORY

Phenotype

Hypertrophic cardiomyopathy has been traditionally characterized by unexplained LVH.

LV wall thickness greater than two standard deviations above normal or greater than

13 mm in the adult population are widely accepted as diagnostic echocardiographic

criteria for HCM. However, LVH is not present in all individuals with sarcomere gene

mutations, particularly early in life (age-dependent penetrance) (9,10). Although a pattern

of asymmetric septal hypertrophy is most common, any pattern of LVH may be seen,

including isolated apical hypertrophy, concentric hypertrophy, or asymmetric hypertrophy

involving other myocardial segments (Fig. 4) (11,12).

The clinical spectrum of HCM is extremely diverse. While some individuals

experience no or only minor symptoms and are diagnosed incidentally or in the course

of family screening, others may develop refractory symptoms of pulmonary congestion

or end stage heart failure requiring cardiac transplantation. In a small subset of patients,

Figure 3 Hypertrophic cardiomyopathy is a disease of the sarcomere, caused by dominantly

inherited mutations in the different constituents of the contractile apparatus. The thick filament is

composed of myosin heavy chain and myosin essential and regulatory light chains. The thin filament

is composed of actin, the troponin complex, and a-tropomyosin. Cardiac myosin binding protein C

provides structural support by binding myosin heavy chain and titin. Source: Adapted from Spirito

PSC, McKenna WJ, Maron BJ. Medical progress: the management of hypertrophic cardiomyopathy.

N Eng J Med, 1997; 336(11):775–785.
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sudden cardiac death is the presenting event (13–16). Shortness of breath, particularly on

exertion, is the most common symptom of HCM, occurring in approximately 90% of

patients. Other manifestations include chest pain (w30%, often exertional), palpitations,

atrial fibrillation (20–25% with associated risk of stroke), orthostatic lightheadedness,

presyncope and syncope (15–25%), orthopnea/paroxysmal nocturnal dyspnea, and

fatigue (13,16). There is limited correlation between specific morphologic findings and

the clinical manifestations of disease. The magnitude of LVH is not closely predictive of

the severity of symptoms associated with HCM (13,15). The clinical impact of outflow

tract obstruction has been debated with more recent studies suggesting that the presence of

outflow tract obstruction (O30 mmHg) may be correlated with increased disease-related

morbidity and mortality (17).

Left ventricular systolic function is typically preserved in HCM, however abnormal

diastolic function is well described. Diastolic dysfunction may largely account for

symptoms of pulmonary congestion and exercise intolerance (18,19). Animal models and

recent human studies indicate that diastolic dysfunction precedes the development of LVH

and is therefore a more fundamental representation of the HCM phenotype and an earlier

manifestation of the underlying sarcomere gene mutation (20–22).

Natural History

The natural history of HCM is highly variable, even between family members who have

inherited the same causal mutation. It is unusual for obvious manifestations of HCM to be

detected in infancy or early childhood; development of LVH commonly occurs in

adolescence in conjunction with the pubertal growth spurt. The specific underlying gene

Figure 4 Morphologic variants of hypertrophic cardiomyopathy. Asymmetric septal hypertrophy

is most common; however, all variations are seen with respect to distribution, extent, and site of

hypertrophy. (A) Asymmetric septal hypertrophy; (B) concentric hypertrophy; (C) apical

hypertrophy.
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defect may significantly influence the age of onset of detectable LVH (10,23). Disease

caused by mutations in the b-myosin heavy chain (b-MHC) gene is typically associated

with clinically obvious and early HCM with development of LVH by the 2nd decade of life

in 90% of MHC mutation carriers. In contrast, clinically evident hypertrophy may not be

present until the 4 or 5th decade of life in disease caused by mutations in the cardiac

myosin binding protein C (MyBPC) gene. MyBPC mutations have also been associated

with elderly-onset HCM (Fig. 5) (23).

Estimates of annual mortality attributable to HCM are not clearly defined. Early data

from specialized referral centers suggested a substantial annual mortality rate of 4–6%. In

contrast, community-based studies which may be less influenced by selection bias indicate

a considerably more benign course with a projected annual mortality rate of 1–2% (24).

Sudden cardiac death (accounting for approximately half of HCM-related deaths),

progressive heart failure, atrial fibrillation associated with an increased risk of

thromboembolism and stroke, and heart failure are common causes of the morbidity

and mortality associated with HCM. Sudden death is the most feared complication of

HCM. Accurately estimating an individual’s risk for sudden death is imprecise and

remains a considerable clinical challenge. The annual risk for sudden death in the overall

HCM population varies from 1–5% with approximately 10–20% of patients at highest risk

(13,14,25). A higher risk for SCD has been associated with a family history of sudden

death, recurrent syncope, an abnormal fall in blood pressure with exercise, ventricular

ectopy on Holter monitoring, and massive LVH (O30 mm) (13,14).

Heart failure may develop in patients with HCM and is associated with an annual

mortality rate of 0.5%. Less than 10–20% of patients progress to the “burnt-out” or end

stage phase of HCM, marked by worsening symptomatic heart failure, left ventricular

systolic dysfunction, progressive LV wall thinning, and chamber dilatation (13–15).

Figure 5 The penetrance (expression of a gene mutation) of left ventricular hypertrophy in

hypertrophic cardiomyopathy (HCM) is dependent on age. HCM caused by mutations in myosin

heavy chain is clinically evident early in life (by the second decade). In contrast, individuals with

mutations in myosin binding protein C may not have clinically evident hypertrophy until after the

fourth decade of life. Source: Adapted from Ref. 10.
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These patients may ultimately require cardiac transplantation for management of end-

stage heart failure.

Hypertrophic cardiomyopathy is inherited in an autosomal dominant manner;

therefore, clinical screening of first-degree relatives of affected individuals is

recommended. This consists of history, physical examination, 12-lead EKG, and

echocardiography. Since the penetrance of LVH is age-dependent, the lack of clinical

findings on a single initial assessment does not exclude the possibility of future disease

development or the inheritance of an underlying sarcomere mutation. Serial screening and

longitudinal follow-up are required to evaluate for the development of phenotypic

manifestations with aging. The strategy outlined in Table 1 has been proposed for familial

HCM (26). Recently available clinical genotyping (Laboratory for Molecular Mechanism,

Harvard-Partners Center for Genetics and Genomics, Cambridge, M.A; http://www.

hpcgg.org) should assist in restricting longitudinal clinical evaluation to individuals who

are identified to carry a sarcomere mutation. In genotyped families, family members who

have not inherited the mutation are not at risk for developing HCM or transmitting the

condition to their offspring. Serial clinical evaluation is not required.

GENETIC ASPECTS

Hypertrophic cardiomyopathy is inherited as a Mendelian autosomal dominant trait.

Linkage analysis and candidate gene screening of large kindreds with HCM identified

discrete mutations in genes which encode different elements of the contractile apparatus,

including cardiac b and a myosin heavy chain, cardiac troponins T, I, and C, cardiac

myosin binding protein C, a-tropomyosin, actin, the essential and regulatory myosin light

chains, and titin (Table 2) (27–31). Thus genetic studies established the paradigm of HCM

as a disease of the sarcomere (Fig. 3).

To date, more than 300 individual mutations have been identified in 12 different

components of the contractile apparatus, summarized in Table 2 (32–35). A variety of

types of mutations have been described, including missense, nonsense, short insertions and

deletions, and alteration of splice donor or acceptor sites. There is no predominant

common mutation and no significant founder effect in HCM. Mutations tend to be

“private”—unique from family to family with rare recurrences in unrelated kindreds. De

novo or sporadic mutations are also well described.

The sarcomere is the functional unit of contraction of the myocyte. Proteins are

organized into thick (myosin heavy and light chains) and thin (actin, the troponin complex

Table 1 Screening Strategy for Family Members in Hypertrophic Cardiomyopathy Kindreds

First degree relatives

PE Echo EKG

Under age 12: Definitive findings rare

Screening optional unless

(1) Malignant FH

(2) Competitive athlete

(3) Suspicion of early onset LVH

Consider q5 yr screening

Age 12–22: q12–24 mo screening

Over age 23: q5 yr (or until genetic testing confirms diagnosis)

If mutation (C): continue serial clinical evaluation

If mutation (K): no further clinical evaluation is required
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and a-tropomyosin) filaments that interdigitate during muscle fiber shortening and

lengthening. The detachment and attachment of actin and the myosin head drive contraction

and relaxation at the molecular level. The hydrolysis of adenosine triphosphate (ATP)

powers this motor and carefully orchestrated fluxes in intracellular Ca2C concentration

coordinate thick and thin filament interaction (Fig. 6) (reviewed in Ref. 36).

Mutations in cardiac b myosin heavy chain, cardiac myosin binding protein C, and

cardiac troponin T, and cardiac troponin I account for approximately 80% of described

cases of HCM caused by sarcomere gene mutations (32,33,35). Clinical correlates for

mutations in different HCM genes are broadly outlined in Table 2, however numerous

exceptions to these themes have been documented (2,37). A discrete number of mutations

identified via family studies have been characterized as “benign” or “malignant,” but in

isolation, the specific identity of the gene mutation is insufficiently predictive of outcome

and integration of this information with clinical risk assessment is appropriate. Further

identification of causal mutations and more accurate definition of genotype-phenotype

correlations remain a work in progress, but the wide genetic and clinical spectrum of HCM

challenges this task. It remains unclear why some sarcomere mutations cause more severe

disease than others and why individuals with the same mutation have a wide range of

clinical features. Mutations in a and b-MHC as well as titin, cMyBPC, and thin filament

components troponin T and actin have also been associated with genetic dilated

cardiomyopathy. Description of wider genetic and environmental factors that shape the

expression of the underlying mutation is an active area of investigation.

Figure 6 Membrane depolarization by the action potential elicits calcium influx through cell

membrane L-type calcium channels. Ryanodine receptors (RyR2) on the sarcoplasmic reticulum

(SR) are then activated to trigger calcium-induced calcium release. The resultant rise in intracellular

Ca2C concentration leads to calcium binding of troponin C and causes conformational changes in the

troponin complex, releasing troponin I inhibition of actin and allowing actin–myosin crossbridge

formation. Myosin then hydrolyzes ATP and undergoes conformational changes that allow the

myosin head to be propelled against the thin filament. Activation of the sarcoplasmic/endoplasmic

Ca2C ATPase membrane pump, SERCA, causes sequestration of cytosolic Ca2C back into the SR.

The myosin head detaches from actin, troponin I inhibition of actomyosin interaction is

reestablished, and myocyte relaxation ensues. Source: Adapted from Ref. 65.
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Cardiac b-Myosin Heavy Chain Mutations (b-MHC)

Myosin heavy chains account for approximately 1% of total myocyte protein. They are

large molecules of O200,000 kDa, organized into two functional domains: an amino

terminal globular head that interacts with actin and a carboxyl terminal rod (38,39). Force

is transduced via a hinge region between these two domains. There are two cardiac-

specific myosin heavy chain isoforms, a-cardiac MHC (MYH6) and b-cardiac MHC

(MYH7), encoded in tandem on chromosome 14. The a-isoform predominates in fetal life

and in the adult atria; the b-isoform predominates in the adult, accounting for more than

70% of total ventricular myosin (40). The majority of HCM-causing mutations are of the

missense variety and clustered within the globular head of b-MHC.

Over 80 different b-MHC missense mutations have been reported in both familial

and sporadic disease and b-MHC mutations are thought to account for w30–40% of cases

of HCM (32,33,35). The phenotypic expression of these mutations is usually obvious with

significant degrees of LVH apparent by late adolescence. Although heterogeneous, the

clinical course of certain MHC mutations is often quite severe, associated with an

increased risk of sudden death or development of end-stage heart failure. The precise

determinants of the relationship between prognosis and underlying gene mutation are

likely multifactorial and currently poorly understood. Mutations that result in a change in

the charge of the substituted amino acid may result in more severe disease, presumably due

to more dramatic effects on protein structure and function.

Cardiac a-Myosin Heavy Chain (a-MHC)

Although b-MHC is the predominant isoform expressed by the adult human ventricular

myocardium, the a-isoform may account for up to 30% of adult ventricular myosin heavy

chain (41). Expression is developmentally regulated such that the a-isoform is abundant in

the atria and ventricles during fetal development. After birth, the ventricles express

predominantly the b-isoform (42,43). Mutations in a-MHC have been associated with

sporadic cases of elderly-onset HCM (23). Although highly speculative, it is possible that

the lower expressed amounts of this isoform in the adult ventricle may account for the

delayed onset of hypertrophy.

Myosin Light Chains

The regulatory (MYL2, chromosome 12) and essential (MYL3, chromosome 19) myosin

light chains may be involved in determining the speed and force of actomyosin sliding by

interacting with the head-rod junction of MHC (44,45). Mutations in myosin light chains

are rarely reported genetic etiologies of HCM, accounting for !1% of disease (46).

Cardiac Myosin Binding Protein C (cMyBPC)

The cardiac myosin binding protein C gene (MYBPC3) spans 24 kb of chromosome 11

and encodes a 1274 amino acid (137 kDa) protein. Functionally, MyBPC may provide

structural integrity to the sarcomere (binding MHC and titin) as well as modulate myosin

ATPase activity and cardiac contractility in response to adrenergic stimulation (47).

Missense, splice site, and deletion/insertion mutations in cMyBPC likely account for

w30–40% of cases of HCM (32,33,35). In a significant subset of individuals with

cMyBPC mutations, the development of clinically apparent LVH is delayed until age

50 yr or above (10,23). cMyBPC mutations have also been identified in 20% of a cohort of

individuals with elderly-onset of HCM which is distinguished by late-onset hypertrophy

and often absence of family history (23).
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Cardiac Troponin T (cTnT)

Troponin T links the troponin complex to a-TM and thus plays a central role in the

regulation of contractile function. The cardiac troponin T gene (TNNT2) spans 17 kb

of DNA on chromosome one and encodes a 288 amino acid peptide (36–39 kDa).

Approximately 5% of HCM is thought to be attributable to cTnT mutations.

Cardiac Troponin I (cTnI)

Troponin I is the inhibitory subunit of the troponin complex, acting to inhibit actin–myosin

interaction. When Ca2C binds to troponin C, conformational changes occur in TnI which

release the inhibition of TnT and a-TM, allowing actomyosin crossbridge formation to

occur. The cardiac-specific isoform of troponin I (TNNI3) spans eight exons on

chromosome 19 and encodes a 210 amino acid (27–31 kDa) protein (48). Direct DNA

sequence analysis of cTnI in patients with HCM suggests that mutations in this gene account

for at least 3% of disease (5a).

Cardiac Actin

Cardiac actin is a 375 amino acid protein (41 kilodaltons; kDa) encoded by the cardiac

actin gene (ACTC) and organized into six exons on chromosome 15 (49). Mutations in

actin typically located in proximity to the putative myosin binding site and are a rare cause

of HCM (50,51). Actin mutations have also been identified as a rare cause of familial

dilated cardiomyopathy (52).

a-Tropomyosin (a-TM)

The a-tropomyosin gene (TPM1) is organized into 15 exons on chromosome 15 (53) and

encodes a 284 amino acid protein expressed in both fast skeletal and cardiac muscle (54). a-

TM forms a complex with troponin T that regulates actin–myosin interaction in response to

intracellular Ca2C concentration. Calcium binding to troponin C causes conformational

changes in troponins I and T that ultimately allow actin–myosin crossbridge formation.

Mutations in TPM1 are thought to account for a small proportion (!2%) of familial and

sporadic HCM, including a potential founder effect in the Finnish population (28,31,55–58).

Although a-tropomyosin is expressed in both cardiac and skeletal muscle, the

clinical expression of TPM1 mutations is dominated by HCM, rather than skeletal

myopathy. The cardiac specificity of phenotype may be due to the fact that the identified

mutations alter the portions of the a-TM molecule that interact with the cardiac-specific

isoform of troponin T. Alterations in calcium sensitivity may also play a role in the tissue-

specificity of TPM1 mutations (59).

NEW PARADIGMS OF INHERITED CARDIAC HYPERTROPHY

Deficits of Energy Production and Regulation

Hypertrophic cardiomyopathy is caused by mutations in genes that encode sarcomere

proteins. More recently, mutations have been described in non-sarcomere proteins that

mimic the gross clinical phenotype of HCM. Genetic studies of families and sporadic

cases of unexplained LVH with conduction abnormalities (progressive atrioventricular

block, atrial fibrillation, ventricular pre-excitation/Wolff–Parkinson–White syndrome)
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have identified a novel disease caused by mutations in the g2 regulatory subunit

(PRKAG2) of adenosine monophosphate (AMP)-activated protein kinase, an enzyme

involved with glucose metabolism, as well as mutations in the X-linked lysosome-

associated membrane protein (LAMP2) gene (6,60–62).

In these patients, ventricular pre-excitation typically occurs early in life and is often

symptomatic. Progressive conduction disease occurs with increasing age such that

permanent pacemaker implantation was required in 30% of affected individuals. This

higher prevalence of conduction system disease helps to discriminate disease caused by

PRKAG2 mutations from HCM caused by sarcomere mutations (62). Severe clinical

outcomes were noted in a subset of patients with PRKAG2 mutations, including

progression to end-stage heart failure or transplantation and sudden cardiac death. X-linked

LAMP2 mutations may be distinguished from HCM due to the presence of ventricular pre-

excitation, male-predominance, earlier age of presentation, more severe prognosis, and

more striking EKG and echocardiographic manifestations of LVH (typically concentric;

Fig. 7) (6). LAMP2 mutations are also the genetic etiology of Danon disease, a multisystem

disorder with cardiac, neurologic, skeletal muscle, and hepatic involvement.

Inherited LVH caused by PRKAG2 or LAMP2 mutations define a new paradigm of

glycogen storage cardiomyopathies. This is a disease entity distinct from HCM caused by

Figure 7 Typical cardiac manifestations of LAMP2 mutations are demonstrated by this 16-year-

old male. LAMP2 mutations are associated with striking evidence of left ventricular hypertrophy on

echocardiography and EKG.
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sarcomere protein mutations. Despite the shared finding of cardiac hypertrophy, there are

marked differences in other pathologic manifestations associated with PRKAG2 and

LAMP2 mutations as compared to HCM. Histopathologically, PRKAG2 and LAMP2

mutations do not display either the myocardial disarray or interstitial fibrosis characteristic

of HCM, but rather show prominent non-membrane bound vacuoles that, if appropriately

handled and stained, are demonstrated to show glycogen and amylopectin accumulation

(Fig. 8). Although incompletely defined, the molecular signaling pathways triggered by

PRKAG2 and LAMP2 mutations are almost certainly different from those produced by

sarcomere gene mutations (Fig. 9). These differences suggest that the clinical approach to

individuals with PRKAG2 and LAMP2 mutations should not be predicated on

management tenets for HCM. An algorithm to distinguish HCM from glycogen storage

cardiomyopathies is illustrated in Figure 10.

CONTEMPORARY DIAGNOSIS OF HCM

The identification of unexplained LVH, typically via echocardiographic imaging, is the

traditional basis for diagnosing HCM. However, since LVH is not universally present

throughout life or detectable in all individuals with sarcomere gene mutations, the

presence of unexplained LVH is not the most specific or sensitive manifestation of

HCM. Further definition of the full spectrum of the HCM phenotype is required. Animal

and human studies have indicated that diastolic abnormalities are present prior to

the development of LVH (20–22,63). Biochemical abnormalities, namely alterations

in intracellular calcium handling, may represent an even more fundamental manifestation

of sarcomere gene mutations (64,65). Describing the early HCM phenotype is crucial to

better understanding disease pathophysiology.

Genetic testing allows for precise identification of individuals at risk for developing

HCM independently of age and clinical manifestations and should be incorporated into

Figure 8 Histopathology of glycogen storage cardiomyopathies. (A–C) Patients with mutations in

PRKAG2 show non-membrane bound vacuoles in myocytes (arrows) that stain for glycogen and

amylopectin. There is only mild fibrosis and no myocyte disarray. (D) Mutations in LAMP2 show

vacuoles with large periodic acid-Schiff positive (PASC) inclusions. As with PRKAG2 mutations,

myocyte size is increased, not due to classic hypertrophy, but rather due to the presence of glycogen-

filled vacuoles.
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the contemporary diagnosis of this disorder. This is currently accomplished by

bidirectional DNA sequence analysis of the exons and intron/exon boundaries of

sarcomere genes to identify potential disease-associated sequence variants. This is a

daunting task that underscores the need for more efficient yet reliable techniques for

screening large stretches of DNA.

The identification of a sarcomere gene mutation in the appropriate clinical setting

allows the definitive diagnosis of HCM and establishes the exact genetic etiology.

Mutation confirmation can then be performed in family members in a simple and

straightforward manner. Individuals found to carry the family-specific mutation despite

Figure 9 Pathways of muscle glycogen metabolism: proteins implicated in glycogen storage

diseases associated with cardiomyopathy are shown. Glucose enters the myocyte through

transmembrane transport proteins and undergoes phophorylation by hexokinase. It then enters

pathways for glycolysis or glycogen synthesis by glycogen synthase. Glycogen, a branched glucose

polymer, is a dynamic energy reservoir for muscles, as dictated by enzyme activity to change

phosphorylation state. Glycogen metabolism is also influenced by AMP-activated protein kinase

(regulates glucose uptake and fatty acid oxidation via acetyl CoA carboxylase) and by lysosome

activity. Defects in pathways of glycogen degradation (phosphorylase, phosphorylase kinase,

phosphoglucomutase, phosphofructokinase, phosphoglycearate kinase, lactic dehydrogenase, and

brancher/debrancher enzymes) result in glycogen accumulation. Mutations in PRKAG2 (the

regulatory g subunit of AMP kinase) or LAMP2 may cause glycogen accumulation resulting in

cardiac hypertrophy and electrophysiological abnormalities. Source: Adapted from Ref. 62.
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the absence of clinical manifestations are at risk for developing HCM and require

longitudinal clinical follow up as described earlier in this chapter. Such individuals should

also be counseled of the 50% chance of transmission of the mutation to offspring. Family

members who do not carry the mutation have no risk for developing HCM or transmitting

the condition. Longitudinal clinical follow up is not necessary.

There are limitations to this strategy of genetic diagnosis. Mutations in sarcomere

genes are thought to account for 60–75% of cases of inherited LVH; expanding the screen to

include PRKAG2 and LAMP2 will further increase diagnostic yield. Nonetheless,

mutations will not be detected in all individuals with unexplained LVH. Therefore a

negative result from this method of screening does not exclude a genetic etiology.

Continued efforts to determine how gene mutations lead to HCM will ultimately inspire new

strategies of disease management designed to alter phenotype rather than merely palliating

symptoms. Genetic diagnosis will play a crucial role in this endeavor by allowing the

identification of individuals with gene mutations prior to the development of clinically

detectable disease. A better understanding of the biochemical and clinical features of early
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Figure 10 The diagnosis of hypertrophic cardiomyopathy is suggested by an autosomal dominant

pattern of inheritance of left ventricular hypertrophy (LVH) unaccompanied by systemic

manifestations or evidence of ventricular preexcitation. This diagnosis can be confirmed by the

identification of a sarcomere gene mutation. Glycogen storage cardiomyopathy is suggested by the

presence of preexcitation in conjunction with unexplained LVH. Disease due to PRKAG2 mutations

is suggested by autosomal dominant inheritance and the absence of systemic manifestations. Danon

disease is suggested by male gender and abnormalities in liver, musculoskeletal, or neurologic

function. Cardiac manifestations are typically present at a young age and have particularly striking

echocardiographic and EKG manifestations. Source: Adapted from Ref. 26.
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stage disease will ultimately allow development of novel treatment strategies designed to

change the phenotypic expression of these gene defects rather than merely palliating

symptoms.
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INTRODUCTION

Although the most common type of inherited cardiomyopathy is hypertrophic

cardiomyopathy (HCM), there are several other genetic forms of cardiomyopathy which

are less frequently recognized as having a familial component. Identifying a genetic or

familial etiology as the primary cause of a patient’s cardiomyopathy may aide in

prognosis, management, and risk assessment for the individual patient and their

family members.

This chapter reviews the genetic forms of dilated, restrictive, and right ventricular

cardiomyopathies. Each is associated with considerable genetic heterogeneity, and

therefore the ability to identify the specific genetic cause of an individual patient’s

cardiomyopathy through current clinical genetic testing is lower than for HCM. However,

even if clinical genetic testing options do not yield a specific pathogenic mutation, familial

forms of cardiomyopathy can still be identified through thorough assessment of the

patient’s clinical history and imaging studies, as well as screening of family members.

Continued investigation of both the molecular causes and phenotypic manifestations of

heritable forms of cardiomyopathy should lead to improvements in recognition of these

conditions, and better understanding of disease pathogenesis.

FAMILIAL DILATED CARDIOMYOPATHY

Nonischemic DCM affects 36.5 per 100,000 in the United States (1). There are numerous

causes of nonischemic DCM, including valvular heart disease, viral infection, endocrine

disorders, and toxins (2,3). In addition to the numerous acquired causes of DCM, primary

disorders of the myocardium also occur, such as familial dilated cardiomyopathy (FDC).

In 1999, Mestroni, and colleagues proposed criteria for the diagnosis of FDC (4). For

a proband, DCM is diagnosed with an ejection fraction less than 45% (or fractional
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shortening less than 25%) with left ventricular enlargement (greater than 117% predicted,

based on age and body surface area). In the absence of standard exclusion criteria, familial

disease is established on the basis of one similarly affected family member or the presence

of a first-degree relative of a proband with documented unexplained sudden death at age

less than 35 years.

Prior to the early 1990s, the incidence of FDC was thought to be somewhat rare.

Over the past 15 years, several epidemiologic investigations have led to our current

recognition that 20–35% of idiopathic DCM cases may be classified as FDC (5–7). In fact,

using simply the criterion of left ventricular enlargement in family members of individuals

with idiopathic DCM, one trial found the prevalence to be as high as 48% (8). The true

incidence of FDC is often under-appreciated due to incomplete pedigrees, lack of

knowledge about the health of family members among probands, de novo mutations,

variable expressivity, and incomplete penetrance of this disorder. Despite these

limitations, multiple genomic loci and genes have been identified in association with

FDC (Table 1). In light of the frequency of FDC, current guidelines regarding evaluation

of a patient with idiopathic DCM recommend echocardiographic screening of all first-

degree relatives to identify presymptomatic family members (9).

As one would anticipate in the setting of widespread genetic heterogeneity, clinical

phenotypes are widely varied and may provide some clue as to the responsible genetic

mutation. However, among family members with the identical pathogenic mutation,

variable expressivity may be prominent including age of onset and clinical presentation.

Patients tend to present late in the course of this disease unless screened prior to

symptoms. Age at onset varies from neonatal to elderly, and intrafamilial variation is

common. Most patients are first seen between the ages of 20 and 50 years, but some

present in childhood and others in later years (10). In contrast to acquired DCM, initial

manifestations are typically vague, such as mild exertional dyspnea, fatigue, and

palpitations. Dyspnea in young individuals is often confused with more common

respiratory disorders, such as asthma. Mild symptoms may occur in the setting of profound

ventricular enlargement and elevation of pulmonary pressures.

In an analysis of a population of 350 consecutive patients with idiopathic DCM

screened for familial disease, the Heart Muscle Disease Study Group found only a younger

age of onset, and perhaps a higher ejection fraction on in initial presentation could

distinguish FDC from sporadic DCM (11).

Molecular Genetics: Autosomal Dominant FDC

To date, many genes have been identified with mutations resulting in FDC, including both

common and rare examples. We will highlight some of these examples, though others

currently exist, and undoubtedly, additional genes will be identified in the near future.

Clinical genetic testing is available for many of the genes that are discussed in this section.

Multiple patterns of inheritance have been described in association with FDC. The

most common is autosomal dominant, such that all offspring of an affected individual have

a fifty percent chance of inheriting a genetic predisposition to DCM (5). Reduced

penetrance and variable expressivity can mask an autosomal dominant pattern of

inheritance. The phenotype is age-dependent, and one investigation cites 90% penetrance

at age greater than 40 years, but only 10% penetrance at age less than 20 years (11).

Genetic anticipation (progressively earlier onset with successive generations) is not

currently thought to play a role in familial forms of dilated cardiomyopathy. However,

individuals in a family may be diagnosed at a younger age than previous generations due
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either to normal variability in the age of onset or to increased familial awareness that leads

to pre-symptomatic screening of at-risk family members.

Genes with mutations resulting in autosomal dominant FDC can be divided into

those encoding sarcomere proteins, cytoskeletal elements/intermediate filaments,

components of the nuclear envelope, elements of the sarcoplasmic reticulum, ion

channels, and transcription factors.

Sarcomere

As in HCM, mutations in genes encoding elements of the cardiac sarcomere may also

cause DCM (12). Approximately 10% of cases of FDC appear to be caused by a mutation

in one of these genes. In contrast to HCM, dramatic myocyte disarray is not typically

present, and hypertrophy of the left ventricular wall does not precede dilatation. Typically,

the histopathologic findings in this form of FDC are nonspecific, including myocyte

hypertrophy, and fibrosis. Late conduction abnormalities, such as left bundle branch block

or nonspecific intraventricular conduction delay, may occur as a consequence of

ventricular dilatation, but typically patients with FDC due to a mutation in a component of

Table 1 Genes and Genomic Loci Associated with Familial Dilated Cardiomyopathy

Locus Gene Protein Additional features

1p1–q21 LMNA Lamin A/C CD, SkM, others

1q32 TNNT2 Troponin T, cardiac None

1q42–q43 ACTN2 Alpha-actinin-z None

2q35 DES Desmin CD, SkM

2q31 TTN Titin None

2q11–q22 ? ? CD

3p21 SCN5A Cardiac sodium channel, type Va CD, AF

5q33 SGCD Delta-sarcoglycan None

6q22.1 PLN Phospholamban None

6q23 ? ? SkM

6q23–q24 EYA4 Eyes absent-4 SNHL

9q13–q22 ? ? None

10q21–q23 VCL Vinculin/metavinculin None

10q22.2 ZASP (LDB3) Cypher/LIM domain binding 3 LVNC, SkM

11p11.2 MYBPC3 Cardiac myosin-binding protein C None

11p15.1 MLP Cardiac LIM domain protein None

12p12.1 ABCC9 Sulfonylurea receptor-2 VT

14q11 MYH7 Beta-myosin heavy chain None

14q12 MYH6 Alpha-myosin heavy chain None

15q14 ACTC Alpha-cardiac actin None

15q22 TPM1 Alpha-tropomyosin None

17q12 TCAP Telethonin SkM

19q13.4 TNNI3 Troponin I, Cardiac CD

Xp21 DYS Dystrophin SkM

Xq28 EMD Emerin SkM

Xq28 TAZ Tafazzin SS, NP

Abbreviations: CD, conduction disease; SkM, skeletal myopathy; AF, atrial fibrillation; SNHL, sensorineural

hearing loss; LVNC, left ventricular noncompaction; VT, ventricular tachycardia, SS, short stature; NP,

neutropenia.
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the cardiac sarcomere do not display primary conduction block, skeletal myopathy, or

other features. An exception to this is seen in patients with Laing distal myopathy, in

which affected individuals have distal skeletal myopathy, neuropathy, and may have

dilated cardiomyopathy, caused by mutations in MYH7, encoding cardiac beta myosin

heavy chain (13,14).

To date, at least eight elements of the cardiac sarcomere have been described with

mutations resulting in FDC. These include cardiac actin, a-tropomyosin, b-myosin heavy

chain, troponin T, myosin-binding protein-C, titin, telethonin, and troponin I (12,15–20).

Mutation in each of these has also been described causing HCM.

The mechanism whereby mutations in the same gene result in either DCM or HCM

remains unknown. Animal models, such as the naturally occurring Syrian hamster with

deletion of the delta-sarcoglycan gene, provide some insight (21). This model develops

DCM or HCM depending on the background strain, suggesting that modifier genes

determine the development of different phenotypes in a single spectrum of disease (22).

Similarly, in mice harboring a heterozygous mutation in the predominant murine cardiac

myosin heavy chain develop HCM, whereas mice homozygous for this mutation develop

early onset DCM (23).

In contrast, humans with mutation in genes encoding elements of the cardiac

sarcomere develop DCM or HCM with remarkable consistency. No family has been

identified with a single mutation in a sarcomere gene resulting in DCM or HCM in

different affected members sharing the identical mutation. Rare individuals with

homozygous mutation in an element of the cardiac sarcomere have severe HCM, not

DCM (24). Although these two forms of cardiomyopathy may represent different points on

the same spectrum, it is perhaps more likely that specific mutations result in different

functional consequences, and stimulate different neurohormonal cascades, resulting in

ventricular wall thickening or dilation.

Genotype-phenotype correlations have identified specific residues in proteins such

as cardiac beta myosin heavy chain that correspond to DCM in contrast to, at times,

remarkably nearby residues in which mutations correspond to HCM. Pathophysiology by

which mutations in sarcomere proteins lead to DCM includes both alteration in force

production and impaired transmission of force by the cardiac sarcomere. Reviewing many

of the known sarcomere genes with mutations resulting in FDC, one may speculate that

mutations in interacting proteins or those with similar roles in the cardiac sarcomere might

also result in FDC.

Cytoskeletal Elements/Intermediate Filaments

As a direct lesson learned from work in patients with dystrophin deficiency resulting in

Duchenne muscular dystrophy (DMD), additional components of the dystrophin-

glycoprotein complex and cytoskeleton have been implicated in FDC. Mutations in

SGCD, encoding delta-sarcoglycan, result in DCM with or without limb-girdle skeletal

myopathy (25,26). Similarly, alteration in desmin results in isolated FDC in some families,

and FDC with skeletal myopathy in others (27,28). Again, choosing a candidate gene

based on its function of force transmission in the sarcomere-cytoskeletal interface, Olson,

and colleagues investigated 350 unrelated patients with DCM for mutations in the portion

of VCL that is specific to cardiac metavinculin (exon 19) (29). They identified two

individuals with mutations disrupting conserved functional domains, confirming the

hypothesis that alterations in cytoskeletal elements which transmit contractile force may

lead to FDC.
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Nuclear Envelope

The first component of the nuclear envelope found to be involved with FDC was emerin,

encoded by EMD (30). Emerin is localized to the inner nuclear membrane in many cell

types, and appears to be involved in anchoring the cytoskeleton to the nuclear membrane.

Mutations in emerin, which is on the X chromosome, typically result in Emery-Dreiffus

muscular dystrophy (EDMD) (30). This disorder consists of weakness and atrophy of

skeletal muscle, flexion contractures, and mental retardation (31). Cardiac manifestations

typically involve atrioventricular conduction block and DCM (32). Female carriers of

EDMD may develop cardiac conduction abnormalities or DCM (33).

In 1999, Fatkin, and colleagues first reported that mutations in LMNA can cause

FDC (34). LMNA encodes the nuclear envelope proteins lamins A and C through alternate

splicing of the same gene. Mutations in this gene result in a wide variety of different

phenotypes collectively referred to as “laminopathies.” This includes FDC, autosomal

dominant EDMD, Hutchinson-Gilford progeria, Charcot-Marie-Tooth disease, familial

partial lipodystrophy, limb-girdle muscular dystrophy type 1B, atypical Werner syndrome,

and mandibuloacral dysplasia (34–41). To date, the mechanism whereby mutations in

LMNA result in disease remains unknown, though clues exist. Analysis in Lmna-deficient

murine cells demonstrated increased nuclear deformation, defective mechanotransduction,

and impaired viability under mechanical strain (42). Additional analyses in lamin A/C-

deficient mice revealed abnormalities in myocyte calcium transients, as well as

disorganization of the desmin filaments and of the Z disc cross-striation pattern, which

likely leads to the loss of myocyte contractile force transmission (43). This remains

consistent with the data implicating similar loss of force mechanotransduction in the

pathogenesis of other forms of FDC. However, the mechanism whereby profoundly

different phenotypes, including those with segmental progeroid manifestations, result

from mutations in lamin A/C remains unknown at this time.

Arrhythmia is an issue of particular relevance for probands and family members

with LMNA mutations. Several reports highlight conduction block, tachyarrhythmias, and

bradyarrhythmias cosegregating with mutations in this gene (44–46). A meta-analysis of

299 individuals with lamin A/C mutations reports that 25% died at a mean age of 46 years,

predominantly from tachyarrhythmias (46). The age-dependent incidence of arrhythmia

was greater than that of heart failure among all mutation carriers.

Sarcoplasmic Reticulum

Development of force within the cardiac myocyte relies on complex regulation of calcium

cycling. Contraction is initiated by release of calcium from the sarcomplasmic reti-

culum (SR) into the cytosol, and relaxation is mediated by calcium reuptake into the SR

through calcium ATPase, SERCA2a. Rare mutations in a negative regulator of the

SERCA2a pump, phospholamban, have been described resulting in FDC (47,48).

Curiously, ablation of the phospholamban gene in mice leads to increased SERCA2a

function, and cross breeding experiments have shown that loss of phospholamban rescues

the DCM phenotype in mice without muscle-specific LIM protein (49).

Ion Channels

Typically, arrhythmia is the cardiac phenotype associated with mutations that alter ion

channel function. However, mutations in at least two ion channel genes are associated with

FDC. First, a portion of the KATP channel subunit encoded by ABCC9 was recognized as

important for maintenance of cellular homeostasis under stress. Its encoded protein binds
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sulfonylureas, and it is called SUR2 for sulfonylurea receptor-2. Bienengraeber and

colleagues screened 323 unrelated probands with idiopathic DCM for mutations in

ABCC9, finding two with mutations in the C-terminal portion (50). Both individuals had

severely dilated hearts and ventricular arrhythmias. Both mutations resulted in distortion

of the ATP-dependent potassium pore regulation (50).

A second ion channel gene associated with FDC is SCN5A, encoding a voltage-gated

sodium channel, type 5, alpha subunit. Mutations in this gene had previously been reported

in association with Long QT syndrome, Type 3 (51). More recently, two groups reported

mutations in this gene in association with DCM and cardiac arrhythmia (52,53). One of

these groups also described a high incidence of atrial fibrillation among SCN5A-mutation

carriers (53).

Transcription Factors

One of the most interesting genes recently identified opens the door to additional candidate

genes in remaining loci where typical candidate genes have been excluded. In 2000,

Schonberger, and colleagues described two families with cosegregation of sensorineural

hearing loss and DCM, with linkage to a 2.8 cM genomic interval at 6q23–q24 (54).

Subsequent fine mapping and exclusion of genes not expressed in heart or cochlea led to

identification of three genes, none of which were recognized to be involved in

development, regulation, or transmission of force within the heart. A truncated transcript

from the EYA4 gene was identified from one affected individual, and found to be caused by

a genomic deletion (55). The protein product of this gene, eyes absent-4 or eya4, is one of

four vertebrate orthologs of the drosophila eya protein which function as transcriptional

activators. A cardiac role was not previously recognized.

Molecular Genetics: Other Forms of FDC

Autosomal recessive FDC also occurs, and is more commonly associated with inborn

errors of metabolism, such as disorders of fatty acid oxidation which typically present in

childhood (56). One report describes homozygous mutation in TNNI3 in two siblings with

DCM. The unaffected parents were suspected to have remote consanguinity by haplotype

analysis (19). Limb Girdle Muscular Dystrophy Type 2I has also been associated with a

recessive form of dilated cardiomyopathy caused by mutations in the gene encoding

fukutin related protein (FKRP). In one family, dilated cardiomyopathy was identified in

three adult siblings prior to the onset of skeletal muscle weakness (57).

Several genetic disorders have so far been associated with X-linked forms of dilated

cardiomyopathy. Barth syndrome consists of dilated cardiomyopathy, skeletal myopathy,

short stature, and neutropenia (58). Elevated levels of urinary organic acids (3-methyl-

glutaconate, 3-methylglutarate, and 2-ethylhydracrylate) occur and may be diagnostic for

this condition (59). It is caused by mutations in the gene encoding taffazin, TAZ, which is

also known as G4.5 (60). The X-linked form of Emery-Dreifuss muscular dystrophy is

associated with dilated cardiomyopathy, skeletal myopathy, and cardiac conduction

block (61). Mutations in the dystrophin gene, DYS, are responsible for Duchenne (DMD)

and Becker (BMD) muscular dystrophies, and for X-linked dilated cardiomyopathy

(XLDC) (62–65). Female carriers with any of these conditions may manifest DCM later in

life as a consequence of skewed X-inactivation. Finally, McLeod syndrome is a rare

X-linked systemic disorder which involves acanthocytosis, hemolytic anemia, dilated

cardiomyopathy, neuropsychiatric disease, and mild skeletal myopathy (66). Mutations in

the gene encoding the XK membrane transport protein result in this condition (67).
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Matrilinear (mitochondrial) inheritance of FDC also occurs. Because the heart relies

prominently on mitochondria for energy production, mutations in mitochondrial genes

sometimes lead to dilated cardiomyopathy (68). Affected patients may present with isolated

DCM, or associated skeletal myopathy, hearing loss, ocular disease, and/or neuropathy (69).

Serologic studies may reveal elevations in lactate or pyruvate, or reduced carnitine.

FAMILIAL RESTRICTIVE CARDIOMYOPATHY

A few families have been described with heart failure segregating without ventricular

dilatation or hypertrophy, classified as familial restrictive cardiomyopathy (FRC; Table 2).

Genome-wide linkage analysis of one large family with FRC resulted in identification of

mutations in TNNI3, encoding cardiac troponin I (70). Subsequent analysis of nine

additional unrelated probands with restrictive cardiomyopathy revealed mutations in

TNNI3 in six of them (70). Mutations in DES encoding desmin have also been associated

with FRC. Dalakas and colleagues reported their analysis of eight families

with dominantly inherited skeletal and cardiac myopathy and two patients with sporadic

disease (71). They identified mutations in DES in four of the eight families and both

individuals with sporadic disease. Among the probands and family members with DES

mutations, seven of twelve had cardiomyopathy, typically restrictive (71). Although these

numbers are small, mutations in the troponin I and desmin genes appear to play a

prominent role in FRC. Another group described a four-generation family segregating

FRC without skeletal myopathy, and linked this phenotype to 10q23.3 after excluding the

desmin and troponin I genes (72).

Despite familial involvement, consensus opinions support the use of endomyo-

cardial biopsy in the evaluation of patients with this condition, as histopathologic findings

may be diagnostic (9). For instance, mutations in DES encoding desmin, result in

particular ultrastructural abnormalities, although these histopathologic findings are not

specific to mutations in DES (71). Cardiac biopsies that identify amyloid deposits should

prompt further staining to determine if transthyretin (TTR) is present. Amyloid

cardiomyopathy may segregate in families with mutations in the gene encoding

prealbumin, also known as transthyretin (TTR).

Familial amyloid cardiomyopathy may be mistaken for senile systemic amyloidosis

due to the late onset of this condition in some families. Often these patients will have

systemic manifestations, including polyneuropathy, carpal tunnel syndrome, or pulmonary

deposition of amyloid fibrils. Jacobson and colleagues described a variant TTR allele in

which isoleucine is substituted for valine at position 122 (Val122Ile), present among 3.9%

of African Americans, and disproportionately represented among African Americans with

late-onset cardiac amyloid (73). For patients who are eligible, consideration should be

Table 2 Genes and Genomic Loci Associated with Familial Restrictive Cardiomyopathy

Locus Gene Protein Additional features

2q35 DES Desmin CD, SkM

10q23.3 ? ? None

18q11.2 TTR Transthyretin Systemic amyloidosis

19q13.4 TNNI3 Troponin I CD

Abbreviations: CD, conduction disease; SkM, skeletal myopathy.
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given to dual organ transplant (heart and liver) as the liver is the site where the abnormal

protein is synthesized.

RIGHT VENTRICULAR CARDIOMYOPATHY

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is a curious form

of familial cardiomyopathy characterized by fibrofatty replacement of ventricular

myocytes and prominent ventricular arrhythmias (74). In contrast to more typical forms

of FDC, this disorder preferentially affects the right ventricle, though may proceed to left

ventricular involvement. A list of genes and genomic loci associated with this condition is

in Table 3. Detailed criteria for diagnosis of ARVD/C have been proposed and are shown

in Table 4 (75).

A variant of ARVD/C, known as Naxos syndrome, was first reported by Protonotarios

in 1986 (76). It is an autosomal recessive disorder that includes palmoplantar keratoderma,

wooly hair, and ARVD/C. Mutations in JUP, encoding junctional plakoglobin, result in this

rare phenotype (77). To date, mutations in this gene have not been described in

nonsyndromic ARVD/C. Another desmosomal protein, desmoplakin, was subsequently

described with mutations resulting in dominantly inherited palmoplantar keratoderma and

wooly hair, without evident ARVD/C (78). Patients with homozygous or compound

heterozygous mutations in this gene manifest the same skin and hair disease, as well as left

ventricular cardiomyopathy (Carvajal syndrome) (79). An isolated family dominantly

segregating ARVD/C without evident skin or hair abnormalities, has since been described

with a DSP mutation that disrupts binding of desmoplakin to plakoglobin (80). A recent

report described the clinical features of thirty-eight subjects from four separate families

segregating ARVD/C and DSP mutations (81).

Gerull and colleagues described widely prevalent mutations in PKP2, encoding

plakophilin-2 among a large cohort of probands with ARVD/C (82). The incidence of

PKP2 mutations was 29% among 120 patients screened, and a separate report describes

43% of 58 probands with ARVD/C with PKP2 mutations (82,83). The report by Gerull

and colleagues also suggests that a prior report of linkage of ARVD/C to 2q32.1–q32.3

was incorrect (82,84). An affected member of one of these families linked to this locus was

found to have a pathogenic mutation in PKP2 on 12p11. Segregation of ARVD/C within

Table 3 Genes and Genomic Loci Associated with Arrhythmogenic Right Ventricular

Dysplasia/Cardiomyopathy

Designation Locus Gene Protein

ARVD1 14q23–q24 TGFB3 Transforming growth factor-beta-3

ARVD2 1q42–q43 RYR2 Cardiac ryanodine receptor

ARVD3 14q12–q22 ? ?

ARVD4 2q32.1–q32.3 ? ?

ARVD5 3p23 ? ?

ARVD6 10p14–p12 ? ?

ARVD7 10q22.3 ? ?

ARVD8 6p24 DSP Desmoplakin

Naxos disease 17q21 JUP Plakoglobin

ARVD9 12p11 PKP2 Plakophilin-2
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this family was consistent with segregation of the PKP2 mutation, excluding

2q32.1–q32.3 as the locus for ARVD/C for this family.

Plakophilin-2 is the third component of the cardiac desmosome implicated in this

disorder, suggesting that it is a disease of the cardiac desmosome. However, the

mechanism whereby mutations in components of the desmosome result in right ventricular

cardiomyopathy with fibrofatty infiltration remains unknown. Some have suggested that

an impaired cardiac desmosome results in deficient contact between myocytes, and that

stress, such as that imparted by athletic activity, worsens this adherence (82). Fibrofatty

degeneration of myocytes results first in areas of highest physiologic stress, and

consequently ventricular arrhythmia follows this pattern of scarring.

An atypical form of ARVD/C without significant right ventricular dilation or

mechanical dysfunction is associated with mutations in RYR2, encoding the cardiac

ryanodine receptor (85). Mutations in this gene cause catecholaminergic polymorphic

ventricular tachycardia (CPVT) (86), and most consider this to be a different disease than

ARVD/C. Finally, a recent report describes sequence variants in the 5 0 and 3 0 untranslated

regions of the gene encoding transforming growth factor-beta-3 (TGFB3) in association

with ARVD/C (87). Transient transfections with luciferase reporter constructs harboring

Table 4 Diagnostic Criteria for Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy

Major criteria Minor criteria

I Structural or functional

RV abnormality

Severe RV dilation and

reduction of RV EF with

little or no LV involvement

Mild global RV dilation and/or

EF reduction with normal

LV

Localized RV aneurysm, or

Severe segmental dilation of

the RV

Mild segmental dilation of the

RV, or

Regional RV hypokinesia

II Tissue characterization Infiltration of RV myocardium

by fibro-fatty replacement

tissue

(None)

III ECG depolarization/

conduction

abnormality

Epsilon waves or localized

prolongation (O110 ms) of

the QRS complex in right

precordial leads (V1–V3)

Late potentials on signal-

averaged ECG

IV ECG repolarization

abnormality

(None) Inverted T waves in ECG leads

V1–V3, agedO12 years,

without RBBB

V Arrhythmias (None) LBBB-type VT (sustained or

nonsustained), or

Frequent PVCs

(O1000/24 hours)

VI Family history Family history of ARVD/C

confirmed on autopsy or

surgery

Family history of ARVD/C

clinically and independently

diagnosed

Familial history of premature

sudden death (!35 years)

due to suspected ARVD/C

These criteria are fulfilled in the setting of two major criteria, one major and two minor criteria, or four minor

criteria. The criteria must come from different groups.

Abbreviations: EF, ejection fraction; RBBB, right bundle branch block; LBBB, left bundle branch block; VT,

ventricular tachycardia; PVC, premature ventricular contraction.
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these alterations suggest increased TGFB3 mRNA abundance, implicating this cytokine in

the pathogenesis of ARVD/C.

CLINICAL IMPLICATIONS

There are several important clinical points to emphasize from this chapter. First, many

patients initially labeled as “idiopathic DCM” will be found to have a familial form of

disease if proper screening within their family can be arranged. Second, recognition of the

pattern of inheritance of familial cardiomyopathy can lead to appropriate pre-symptomatic

screening of those at risk. Third, some genetic forms of cardiomyopathy have a

particularly high incidence of fatal or life-threatening ventricular arrhythmias, supporting

early and aggressive monitoring for this manifestation among those who have inherited

this genetic predisposition.

Clinical genetic testing is currently available for several forms of familial dilated,

restrictive, and right ventricular cardiomyopathy. Due to the genetic heterogeneity of

FDC, the chance that a pathogenic mutation will be identified for a particular patient is

much lower than for HCM. However, pursuing a specific genetic etiology may have

important clinical implications for the patient and their family members. Identification of

specific genetic mutations, such as mutations in LMNA or PKP2 may provide an additional

piece of information when evaluating the patient’s risk for sudden cardiac death and

discussion of preventative interventions.

Identification of a familial cardiomyopathy should also prompt a discussion with the

patient about the importance of communicating cardiac screening recommendations to at-

risk family members. At-risk family members should undergo cardiac evaluation that

includes an echocardiogram and an electrocardiogram every three to five years. At-risk

family members should only be offered pre-symptomatic genetic testing once a pathogenic

mutation has been identified in an affected family member. If at-risk family members are

found not to have the primary pathogenic mutation that has previously been found in the

family, then their risk to develop cardiomyopathy is greatly reduced.

It is important to note that due to incomplete penetrance, variable expressivity, and

age-dependence of the phenotypes, the presence of a predisposing mutation does not

indicate absolutely that an individual will develop cardiomyopathy. However, an

individual with a genetic predisposition to develop cardiomyopathy who never shows

evidence of the disease, can still pass this predisposition down to their offspring, who may

in turn go on to develop cardiomyopathy. Similarly, despite thorough analysis for a

mutation in all genes known to be associated with a familial cardiomyopathy, the absence

of a discernible mutation does not exclude that there is a genetic or familial component to

the patient’s cardiomyopathy. Therefore, genetic testing should not yet be undertaken to

“rule out” that there is a genetic component to an individual’s cardiomyopathy. The

reduced penetrance and variable expressivity associated with familial cardiomyopathy is

most likely due to yet unidentified environmental and genetic modifiers. Given the

complexity of multiple patterns of inheritance, multiple associated genes, reduced

penetrance, variable expressivity, results of uncertain clinical significance, unexpected

results, and issues related to genetic discrimination, genetic counseling, provided by a

genetic counselor or a physician knowledgeable in genetics, is recommended prior to

diagnostic, pre-symptomatic, or research genetic testing.

As in any genetic disorder, some families will choose not to pursue genetic testing.

Other families may pursue a genetic diagnosis with current technology but not identify a

mutation. In such cases, clinical DNA banking may allow future generations to pursue a
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molecular genetic diagnosis with the aid of DNA obtained from a clearly affected

individual.

With continued investigation into the molecular genetics of FDC and other familial

forms of cardiomyopathy, improvements in the diagnosis of these conditions are

inevitable. However, recognition of the responsible genetic mutations is just the beginning

of efforts to understand the causes of these conditions, and to develop rational therapies

based on molecular dissection of disease pathogenesis.
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NEW THERAPEUTIC TARGETS IN HEART FAILURE

Heart failure is most often caused by a decrease in the mass and/or function of the

myocardium, leading to impaired ability of the heart to function as a pump. This primary

defect is often associated with and compounded by a variety of systemic alterations

including the activation of neurohormonal pathways and vascular dysfunction, both of

which further antagonize overall cardiovascular homeostasis. It is not surprising that the

treatment of heart failure for many years focused on improving hemodynamic function

through the development and use of agents that increase myocardial contractility and/or

reduce vascular tone. However, despite the clinical testing of numerous potent positive

inotropic and direct vasodilator agents, with rare exceptions these agents have not led to

improved clinical outcomes. In contrast, the most successful agents have been those that

inhibit neurohormonal pathways (e.g., beta-blockers and angiotensin system inhibitors).

The clinical success of these agents can not be attributed to their direct hemodynamic

actions, which in some cases are adverse (e.g., beta-blockers). Rather, the shared mode of

action of neurohormonal antagonists appears to be the slowing of myocardial remodeling

and disease progression.

MYOCYTE DEATH AND DYSFUNCTION IN HEART FAILURE

A common feature of both acute and chronic heart failure is a decrease in the number

and/or function of cardiac myocytes. The loss of cardiac myocytes is best illustrated by

myocardial infarction. However, it is now evident that cardiac myocytes may also be lost

on a chronic basis via the process of apoptosis. Apoptotic myocyte death has been

characterized in the chronic setting, but more recent studies suggest that accelerated

myocyte loss may also contribute to the long-term outcome of patients being treated for

acute decompensation. As a result, there is a rationale effort to discover and develop

therapies that reduce myocyte loss. Myocardial dysfunction may also occur as a result of a
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decrease in the function of viable cardiac myocytes. Such alterations may be the result of

alterations in proteins important in excitation-contraction coupling, and may involve

changes in (1) the level of protein due to changes in gene expression or (2) protein function

due to post-translational modifications.

OXIDATIVE STRESS IN HEART FAILURE

There is increasing evidence that oxidative stress is increased in heart failure and contributes

to the pathophysiology of myocardial dysfunction. The discovery of effective clinical

therapies has been paralleled by (1) the recognition that oxidative stress plays a fundamental

role in regulating the growth, death and function of the cardiac myocyte, and (2) the further

demonstration that most, if not all, of the stimuli implicated in the development of

myocardial failure (e.g., mechanical strain, neurohormones, inflammatory cytokines) lead

to increased oxidative stress in the cardiac myocyte. Oxidative stress may cause the death of

cardiac myocytes by apoptosis, alter gene expression, and modify protein function via post-

translational modifications.

This chapter focuses on two new pharmacologic approaches to the treatment of heart

failure: the inhibition of xanthine oxidase and the activation of ATP-dependent potassium

channels (KATP). While these therapies act by distinct pharmacologic mechanisms, both

therapies mitigate the effects of oxidative stress.

REGULATION OF REACTIVE SPECIES IN THE MYOCARDIUM

Oxidative stress refers to any imbalance between the production of reactive oxygen

species (ROS) and their removal by antioxidant defense mechanisms. Oxygen exists as a

diradical, sharing two electrons in its outermost shell. Due to its structure, oxygen is able

to accept up to four electrons in the process of reduction, to form water. However, should

oxygen undergo a series of univalent reductions, partially reduced oxygen species, or free

radicals are produced. The reduced forms of molecular oxygen include superoxide radical

ðo$K
2 Þ formed when oxygen accepts one electron. Addition of a second electron results in

hydrogen peroxide (H2O2). Addition of a third electron produces the hydroxyl radical

ð$OHKÞ and a fourth electron produces water. The three intermediaries are extremely

reactive and unstable. ROS have beneficial roles in the body (e.g., contributing to the

oxidative burst in phagocytes in the protective immune response). On the other hand, when

present in excessive levels ROS can react directly with lipids, proteins, and nucleic acids

causing damage, impaired function and cell death. In addition, it is now appreciated that

somewhat lower levels of ROS can activate signaling pathways that are involved in

regulating numerous cellular functions including growth, gene expression, apoptosis, and

protein function (1).

There are several sources of ROS in the heart and other tissues. Among these are the

mitochondrial electron transport chain and several enzymes including xanthine oxidase,

cyclooxygenases, lipoxygenase, nitric oxide synthases, peroxidases, and NADH oxidases.

The ROS produced during normal metabolism are counterbalanced by antioxidants and

naturally occurring free radical scavengers in the body. Non-enzymatic antioxidants

include vitamins E, C, and beta-carotene. Among the best characterized cellular enzymes

are superoxide dismutase, glutathione peroxidase, and catalase. Superoxide dismutases

facilitate the formation of hydrogen peroxide (H2O2) from superoxide; catalase and

glutathione peroxidase catalyze H2O2 to form water. Interestingly, these enzymes have
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been highly conserved during the process of evolution among aerobic organisms,

emphasizing their crucial function in preventing oxidative stress.

OXIDATIVE STRESS IN MYOCARDIAL FAILURE

Heart failure is associated with elevated levels of oxidative stress which may be due to

increased production of ROS, impaired free radical scavenging capability, or a

combination of the two. There is increasing evidence that both mechanisms may play a

role in the pathophysiology of the failing heart. Several animal models of heart failure,

including models of pressure overload, surgical myocardial infarction, and pacing-induced

heart failure demonstrate elevated levels of oxidative stress (1). Increased oxidative stress

has also been observed in the transition from compensated hypertrophy to overt failure, and

has been associated with decreased levels of antioxidant enzymes (1). Studies in humans

likewise suggest that increased oxidative stress is present in patients with heart failure.

Malondialdehyde and isoprostanes, both markers of lipid peroxidation, are significantly

elevated in the plasma and pericardial fluid of heart failure patients (2). Oxidative stress

correlates with severity of left ventricular dilation, and functional class and is elevated

regardless of etiology, whether the cardiomyopathy is ischemic, valvular, or idiopathic

in etiology.

Oxidative stress may act on the cardiac myocyte in several ways. At very high levels

typical of ischemic reperfusion, there may be frank cellular necrosis due to direct damage

to cellular components. However, at the levels typical of heart failure, the effects of

oxidative stress are more subtle. Myocyte death at lower levels of ROS may be due to the

activation of apoptotic pathways. In addition, myocyte dysfunction may occur due to

alterations in the expression and/or function of proteins involved in excitation-

contraction coupling.

MYOCYTE LOSS AND DYSFUNCTION IN HEART FAILURE

The two principal mechanisms by which myocytes in the heart may be lost are necrosis and

apoptosis (3). Necrosis is an episodic process by which myocytes undergo loss of

membrane integrity and total disruption of cellular function, followed by cell death,

inflammation, and fibrosis. Clinically, the most common cause of necrosis is ischemia,

resulting in myocardial infarction. A second, more recently recognized mechanism of cell

death is apoptosis, which typically involves smaller numbers of cells, occurs over a more

prolonged time course and may be present chronically, resulting in a substantial cumulative

loss of cells. In contrast to necrosis, apoptosis is an energy-dependent process that is carried

out by a highly organized biochemical cascade. Ischemia is also an important cause of

apoptosis, and it is now recognized that apoptosis contributes significantly to myocyte loss

in the setting of myocardial infarction. Importantly, additional apoptotic stimuli are now

recognized, including oxidative stress, mechanical strain, and several neurohormones (e.g.,

norepinephrine and angiotensin).

While most attention has been paid to the loss of myocytes, it is now becoming clear

that viable myocytes may be dysfunctional for a variety of reasons. Among these are

transcriptional alterations in gene expression leading to changes in the amounts and/or

isoforms of proteins that are involved in normal myocyte function (e.g., signaling proteins,

contractile proteins). In addition, post-translational modifications of proteins can have an

important effect on function. While much attention has focused on the phosphorylation of
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proteins, it now appears that oxidative modifications can have an important effect on

protein function. Such oxidative modifications may be reversible and mediated by low

levels of ROS, and under such conditions ROS may be viewed as signaling molecules.

The discovery that oxidative stress can act directly on the cardiac myocyte to cause

apoptosis and contractile dysfunction has provided an important insight as to the success

of neurohormonal antagonists in slowing disease progression in patients with chronic heart

failure, and has stimulated a search for new ways to interfere with the production and/or

actions of reactive oxygen species in the heart.

OXYPURINOL: AN ANTIOXIDANT FOR THE THERAPY
FOR CHRONIC HEART FAILURE

Oxypurinol is the active metabolite of allopurinol, a xanthine oxidase inhibitor that is

widely used for the treatment of gout. Xanthine oxidoreductase is an enzyme that degrades

purines, metabolizing hypoxanthine to xanthine and subsequently to uric acid. It exists as

two interconvertible forms: xanthine oxidase and xanthine dehydrogenase. Xanthine

oxidase reduces oxygen to form superoxide and hydrogen peroxide, while xanthine

dehydrogenase can reduce oxygen or NAD (and produce superoxide, hydrogen peroxide,

and NADH). Several studies now suggest that xanthine oxidase is an important source of

ROS in the cardiovascular system, and may serve as an important therapeutic target in the

treatment of heart failure. Xanthine oxidase and its parent enzyme, xanthine

dehydrogenase, are more abundant in failing explanted hearts than in controls (4).

Reactive oxygen species generated by xanthine oxidase may impair myocardial

function in heart failure. In a rat heart failure model, perfusion with oxypurinol enhanced

myocardial contractility in rats with or without myocardial failure. However, the fractional

increase in contractility in the heart failure group was significantly higher (5).

Myocardium from the heart failure group had a higher xanthine oxidase activity, leading

to the suggestion that the magnitude of improved contractility was related to the level of

xanthine oxidase activity (5). In mice treated with allopurinol after myocardial infarction,

the xanthine oxidase activity was suppressed to levels comparable to that in sham-operated

mice. Importantly, survival in the allopurinol-treated group was markedly improved, as

was cardiac contractile function (6).

Intravenous allopurinol decreased myocardial oxygen consumption and increased

myocardial efficiency in dogs with pacing-induced heart failure. As in the rat model, the

increase in contractility was greater in the heart failure group (7). The antioxidant ascorbic

acid had a similar effect, and allopurinol caused no further increase when infused after

ascorbic acid, suggesting a similar mechanism of action. Inhibition of nitric oxide synthase

abolished the effects of both allopurinol and ascorbic acid. These findings led to the

suggestion that ROS, generated at least in part via xanthine oxidase, decreased the

availability of nitric oxide (8).

Clinical Experience with Oxypurinol

There is limited clinical experience with oxypurinol in patients with heart failure.

However, allopurinol has been shown to improve myocardial efficiency in patients with

idiopathic dilated cardiomyopathy (4). Heart failure is characterized by mechanoenergetic

uncoupling, a term used to describe the inefficient use of oxygen by the failing heart

relative to the reduced left ventricular workload. Allopurinol infusion directly into the

coronary arteries of cardiomyopathy patients resulted in a decrease in myocardial oxygen

consumption but no change in left ventricular work, thus improving the efficiency of
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contraction (4). This finding is similar to that observed in a canine pacing-induced heart

failure model, in which the improvements in myocardial efficiency were attributed to

increased sensitivity of the myofilament to calcium (7). These findings suggest that

xanthine oxidase and oxidative stress may in part be responsible for mechanoenergetic

uncoupling (4).

OPT-CHF (A Phase II–III Prospective, Randomized, Double-Blind, Placebo-

Controlled Efficacy and Safety Study of Oxypurinol Added to Standard Therapy in

Patients with NYHA Class III–IV Congestive Heart Failure) is an ongoing clinical trial to

determine whether oxypurinol improves clinical outcomes in patients with moderate heart

failure. Four hundred clinically stable patients who were on standard therapy were

randomized to receive oxypurinol in doses up to 600 mg per day versus placebo. The

primary endpoint is a clinical composite including NYHA functional class and

cardiovascular death.

NEW THERAPEUTIC TARGETS IN ACUTE DECOMPENSATED
HEART FAILURE

Relatively few new agents have been developed for the acute (i.e., first line) management

of decompensated heart failure, and treatment of such patients has continued to focus on

improving hemodynamic function and alleviating symptoms through the use of diuretics,

positive inotropes, and vasodilators. While the benefits of slowing disease progression

have been most clear in the treatment of patients with chronic heart failure, there is

emerging evidence that patients with acute decompensated heart failure may also be

susceptible to progressive myocardial failure due to the accelerated loss of cardiac

myocytes. In support of this thesis is the observation that circulating levels of cardiac

troponins, indirect markers of myocyte death, are increased in the serum of patients with

heart failure (9) and appear to increase further with episodes of decompensation despite

the absence of ischemia (10). Likewise, there is evidence that elevated plasma troponin

levels during an episode of decompensation predict worse survival independent of clinical

ischemia, and that elevated troponin levels decline with successful hemodynamic

interventions. These observations, though limited, have led to the suggestion that

decompensated heart failure is associated with accelerated cardiac myocyte loss. As with

chronic heart failure, myocyte loss during an episode of acute decompensated heart failure

may occur via several potential mechanisms. Even in the absence of coronary artery

disease, hemodynamic overload may lead to subendocardial ischemia and subsequent

apoptosis and/or necrosis. In addition, several of the known stimuli for myocyte apoptosis,

including norepinephrine, angiotensin, mechanical strain, and oxidative stress (1), are

present in the myocardium during episodes of decompensated heart failure. Thus, there is

reason to believe that myocyte loss may play an important role in the pathophysiology of

acute, as well as chronic, heart failure.

CARDIOPROTECTION VIA ACTIVATION OF ATP-DEPENDENT
POTASSIUM CHANNELS

It is now recognized that activation of mitochondrial KATP channels in cardiac myocytes is

an important and potent cardioprotective mechanism (11). In this regard, agents that open

mitochondrial KATP channels, including nicorandil, diazoxide, and pinacidil, have been

shown to protect the myocardium against ischemia/reperfusion, myocardial infarction, and
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peri-operative ischemia. Recently, Marban and others have further demonstrated that the

opening of mitochondrial KATP channels abrogates apoptosis in vitro (12). The anti-

apoptotic effects KATP channel activation appear to be mediated via inhibition of the

mitochondrial death pathway, and can be antagonized by agents that oppose KATP channel

opening such as glibenclamide and 5-HD.

LEVOSIMENDAN: A NEW AGENT FOR THE TREATMENT
OF DECOMPENSATED HEART FAILURE

Levosimendan is a new pharmacologic agent being evaluated for the treatment of

decompensated heart failure. Levosimendan was developed through a molecular search

for agents that increase myofilament sensitivity to calcium (13). Levosimendan is also a

potent vascular smooth muscle vasodilator due to activation of KATP in the plasma

membrane (14,15). The potent hemodynamic effects of levosimendan have been attributed

to the combined effect of increased myocardial contractility and peripheral vasodilation,

the latter leading to decreases in both preload and afterload. In addition to its well-

described hemodynamic effects, levosimendan activates KATP channels in both the plasma

membrane and the mitochondrial matrix of cardiac myocytes (16).

Direct Effects of Levosimendan on Cardiac Myocytes In Vitro

To determine if levosimendan causes opening of mitochondrial KATP channels in cardiac

myocytes and thereby protects from apoptosis, we studied adult rat ventricular myocytes

in culture. This is a well-characterized model system in which we and others have

demonstrated the role of ROS in mediating myocyte apoptosis in response to beta-

adrenergic stimulation (17–19). In this system, exposure to exogenous hydrogen peroxide

(200 mM) for 24 hr leads to a marked increase in apoptosis. We found that pre-treatment

with levosimendan for 30 min protects cardiac myocytes from H2O2-induced apoptosis as

measured by TUNEL staining. This protective effect occurs at levosimendan

concentrations as low as 10 nM, well below the therapeutic concentrations achieved in

humans (20) and similar to the concentration range for activation of mitochondrial KATP

channels. The anti-apoptotic effect of levosimendan was prevented by the KATP channel

inhibitors 5-HD and glibenclamide, thereby implicating mitochondrial KATP activation as

the protective mechanism of levosimendan. Furthermore, the anti-apoptotic effect of

levosimendan was associated with a decrease in H2O2-induced cytochrome c release from

the mitochondria. Thus, levosimendan appears to exert its anti-apoptotic effect, at least in

part, by opening mitochondrial KATP channels that lead to inhibition of the mitochondrial

apoptotic pathway.

Oxidative stress plays an important role in mediating myocyte apoptosis and

progressive myocardial failure in response to hemodynamic overload and beta-adrenergic

stimulation, two factors commonly present in patients with decompensated heart failure.

Apoptosis also contributes to myocardial loss in response to ischemia. Preclinical studies

have shown that levosimendan, acting in part via opening of mitochondrial KATP channels,

decreases myocardial infarct size (21), thereby providing another potential mechanism by

which activation of mitochondrial KATP by levosimendan might be beneficial in patients

with decompensated heart failure.

The demonstration that levosimendan can oppose apoptosis via the activation of the

mitochondrial KATP channel provides a potential mechanism by which levosimendan

might protect cardiac myocytes during episodes of decompensated heart failure. These
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observations further provide a plausible explanation for how a short-term intervention in

patients with decompensated heart failure could exert effects on long-term outcomes.

CLINICAL EFFECTS OF LEVOSIMENDAN

It is not known whether agents used in the acute management of decompensation exert

significant effects on myocyte survival. However, there are robust circumstantial data to

suggest that the choice of therapeutic agent may have an important effect on long-term

clinical outcomes in such patients. In particular, several studies have suggested that long-

term survival may be reduced after short-term treatment with dobutamine (22). Conversely,

a growing body of data suggests that short-term treatment with levosimendan may improve

long-term survival. For example, in the RUSSLAN trial, 504 patients with NYHA class

III–IV heart failure were randomized to placebo or levosimendan in the setting of an acute

myocardial infarction (23). At two weeks post-randomization, survival was significantly

improved in the levosimendan group, a difference that persisted at 180 days. The LIDO trial

compared levosimendan to dobutamine in 203 patients with decompensated heart failure

requiring intravenous inotropic therapy. In this study, patients randomized to levosimendan

had a significantly better survival at both 30 and 180 days (24). A meta-analysis of

approximately 1000 patients who received levosimendan in four randomized trials,

including RUSSLAN and LIDO, showed an almost 50% decrease in the risk of death as

compared to either placebo or dobutamine (25). Recently, CASINO, a survival study

comparing levosimendan to both placebo and dobutamine in patients with decompensated

heart failure, was terminated prematurely after the randomization of only 227 patients

because of a significant survival benefit of levosimendan over dobutamine and a similar

trend versus placebo (26). Parissis et al. have demonstrated one possible mechanism by

which levosimendan may improve survival in patients with decompensated heart failure.

Among 27 patients admitted to the hospital with acutely decompensated heart failure and

randomized to therapy with levosimendan or placebo, levosimendan therapy resulted in a

significant decrease in the circulating levels of soluble Fas and Fas ligand, leading to the

suggestion that the survival benefit observed with levosimendan may result from

interference with the Fas-mediated apoptosis pathway (27).

Taken together, these observations with levosimendan present a striking degree of

consistency that supports the thesis that levosimendan exerts a beneficial effect on

survival. Since few of these studies were designed primarily to examine survival, and all

were relatively small in size, final conclusions about the effects of levosimendan on

survival must await the results of REVIVE and SURVIVE, two prospective survival

studies comparing levosimendan to dobutamine in approximately 1300 patients with

decompensated heart failure (28). Nevertheless, these data provide an intriguing

suggestion that levosimendan exerts a favorable effect on survival. While the alleviation

of symptoms should remain an important goal of therapy in such patients, it now appears

possible that a therapeutic approach that includes a cardioprotective strategy can exert a

clinically meaningful benefit on the progression of the underlying myocardial disease.
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INTRODUCTION

Improvements in the prevention and treatment of cardiovascular disease in young and

middle-aged adults has extended the average life expectancy, resulting in a steadily

increasing number of people with chronic cardiovascular disease. A large proportion of this

population consists of individuals suffering from chronic congestive heart failure. In the

United States, nearly five million persons suffer from heart failure, with almost 500,000 new

patients diagnosed each year. While many of these patients achieve a reasonable quality of

life with judicious medical management, a substantial segment experience severe

congestive symptoms and profound debilitation that goes well beyond what current

medical therapies can treat. A tiny fraction of these end-stage patients, about 3000 patients

per year, undergo cardiac transplantation, relegating hundreds of thousands of heart failure

patients to repeated inpatient admissions and death within several years of diagnosis. The

perennial dearth of cardiac donors has driven the successful development of mechanical

assist devices as a bridge to transplantation, however this strategy is limited to a selected

group of patients who fit stringent cardiac transplant criteria. Most recently, “destination

therapy” for medically-refractory heart failure patients who would not otherwise qualify

for cardiac transplantation has been validated by the landmark REMATCH trial (1).

However, although the quality of life among these patients was significantly improved with

left ventricular assist devices (LVAD), long-term survival was quite limited by

complications, with only 23% of LVAD patients surviving up to two years (2). The advent

of newer generation LVADs brings modest promise of longer-term survival, however this

has yet to be fully evaluated with multicenter trials. Furthermore, the relatively high health

care costs associated with LVADs currently limits their broad short- and long-term use as a

standard heart failure therapy.

Consequently, new alternative surgical strategies for the treatment of heart failure

are being developed. Surgical ventricular remodeling and geometric mitral reconstruction

represent two major strategies and are discussed elsewhere. The following chapter will

briefly review other cardiac operations for heart failure patients, including minimally-

invasive direct and transmyocardial revascularization, minimally-invasive biventricular

epicardial lead placement, ablative operations for chronic and paroxysmal atrial

fibrillation, and the ACORN cardiac support device.
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ROBOT-ASSISTED, MINIMALLY INVASIVE
CORONARY REVASCULARIZATION

Traditionally, coronary artery bypass grafting (CABG) is performed through a median

sternotomy, providing optimal access to all cardiac structures and great vessels. The

disfigurement and pain associated with this extensive incision has been a longstanding but

heretofore acceptable consequence of cardiac surgery. Fueled largely by the advent of less

invasive and traumatic laparoscopic and thoracoscopic techniques for non-cardiac

operations and the rise of catheter-based interventions for myocardial revascularization,

minimally-invasive approaches to cardiac surgery are being developed. However, clinical

successes in minimally-invasive cardiac surgery have lagged behind those achieved with

minimally-invasive laparoscopic surgery due to three primary issues. First, the rigidity and

anatomy of the thoracic cage is not particularly amenable to the limited degrees of freedom

provided by now-conventional endoscopic instruments. Consequently, the fine motions

required in cardiac surgery are not easily achieved with these physical constraints. Second,

the consequences of surgical errors or excessive delay in cardiac operations (e.g., vessel

trauma, prolonged cardiopulmonary bypass) increase the potential for irreversible patient

injury or even death. Third, results of conventional CABG have been overtly studied and

have established exceptional “gold standard” outcomes, including 15–20 yr left internal

mammary to left anterior descending (LAD) coronary artery graft patency rates of

over 90%. Therefore, new minimally-invasive coronary revascularization strategies have

employed technologically-advanced devices to project the surgeon’s technical dexterity

into a confined space through minimal incisions to achieve satisfactory outcomes.

The Intuitive da Vinciw Surgical System

Computerized robot-assisted surgery has enhanced the ability of surgeons to perform

minimally-invasive procedures by placing a computer interface between the surgeon and

dexterous instrument tips. A robotic minimally invasive surgical system in clinical use is

the da Vinciw Surgical System (Intuitive Surgical, Sunnyvale, California, U.S.A.). This

robotic system is comprised of three principal components: a surgeon “master” console,

video cart, and “slave” tableside robot with two or three instrument arms and a

stereoscopic endoscope (Fig. 1). The surgeon sits at the console and manipulates the

instrument handles. These motions are relayed to a computer processor which digitizes the

surgeon’s hand motions and transmits them in real-time to robotic manipulators that

actuate endoscopic instrument tips placed into the thoracic cavity via small ports (Fig. 2).

The computer interface between the surgeon and the instrument tips permits the surgeon’s

digitized hand motions to be precisely manipulated and filtered by the system’s control

software. This interface enhances the surgeon’s ability to perform minimally-invasive

cardiac surgery in several ways. First, by filtering out high-frequency signals, surgical

tremor is eliminated. Second, the computer interface allows for motion scaling, where

comfortable macroscopic movements at the surgeon console are scaled down to a much

smaller scale inside the patient, enhancing dexterity. Third, the computer interface permits

the accurate translation of the surgeon’s hand motions to a dexterous endoscopic “wrist”

placed within the chest cavity, conferring much higher degrees of freedom than traditional

manually actuated endoscopic instruments. Finally, a three-dimensional image of the

surgical site is displayed to the surgeon sitting at the console, using stereoimages from the

two-camera robotic endoscope.
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Totally Endoscopic Coronary Artery Bypass Grafting

Early attempts to perform totally endoscopic coronary artery bypass grafting4 (TECAB)

with conventional manually-operated thoracoscopic instruments proved difficult and often

resulted in conversion of prohibitively long operative times (3). The advent of surgical

robotic systems in the following years enabled the introduction of much more dextrous

instrumentation through port-access and facilitated the development of endoscopic

CABG. The first TECAB was performed by Loulmet and colleagues in 1998 (4).

Figure 1 Components of the da Vinciw Surgical System. This system consists of a surgeon

“master” console (left), video cart (center), and “slave” tableside robot with two or three instrument

arms and a stereoscopic endoscope (right). Source: Photo courtesy of Intuitive Surgical, Sunnyvale,

California, U.S.A.

Figure 2 da Vinciw master console and endoscopic instrument tip. The master console at which the

operating surgeon sits (A) provides a stereoscopic view of the operative field and instrument controls

which actuate each of two (left and right) dexterous instrument tips (B) inserted into the chest via

thoracoscopic ports. Source: Photos courtesy of Intuitive Surgical, Sunnyvale, California, U.S.A.
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Subsequent efforts in Europe and the United States fostered the evolution of facilitating

techniques for TECAB, including stabilizing devices, endovascular crossclamp and

cardioplegia systems, and anastomotic devices.

TECAB methodologies are rapidly evolving; however, several general concepts are

worth describing. Early successes with single-vessel TECAB, based upon the left internal

mammary artery (LIMA) to LAD coronary artery anastomosis, were greatly facilitated with

Figure 3 Totally endoscopic coronary artery bypass techniques. The left internal mammary artery

(LIMA) is harvested as a pedicle by the da Vinciw robotic system (A). An anastomosis is created

between the LIMA and the left anterior descending aorta (B) on the beating heart. Note the

stabilization device. Source: From Ref. 5.
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cardiopulmonary bypass support delivered through femoral vessel cannulation in addition

to the ability to arrest the heart with an ascending aortic occluding balloon or “endoclamp.”

The LIMA is detached from the left anterior chest wall and anastomosed to the LAD using

the da Vinci Surgical System (Fig. 3). Mohr and colleagues describe their experience

attempting TECAB in 35 patients (27 patients with arrested heart and 8 patients with beating

heart) (5). TECAB was successfully completed in 22 of 27 of patients under arrested

conditions with a 95.4% patency rate, as demonstrated by angiography at three months’

follow-up. TECAB was successfully performed on the beating heart in 2 out of 8 patients,

vusing an endoscopic stabilizer (Fig. 4).

The learning curve for TECAB is indeed steep, resulting in relatively long operative

times and conversion rates; however, multiple studies have demonstrated steady reduction

of these parameters with experience (6). Technical advances that will be required for

widespread application of TECAB include improved target vessel identification

modalities, stabilization devices, cardioplegia delivery systems, and distal/proximal

anastomotic devices.

GEOMETRIC MITRAL RECONSTRUCTION

Functional mitral regurgitation frequently complicates and exacerbates end-stage dilated

cardiomyopathy. It is associated with progressive ventricular dilatation, (Fig. 5) worsening

congestive symptoms, and a deleterious impact upon survival rates. Historically, surgical

correction of significant mitral insufficiency consisted of mitral valve replacement;

however, in recent years the functional importance of maintaining the mitral subvalvular

apparatus has resulted in the refinement and advocacy of mitral valve repair techniques.

MINIMALLY INVASIVE MITRAL VALVE REPAIR

The past decade has seen the evolution of minimally-invasive techniques for mitral valve

repair. Cohn and colleagues (7) and Cosgrove and associates (8) developed and introduced

Figure 4 Endoscopic stabilization device.
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minimally invasive mitral valve operations through attenuated or modified sternotomy

incisions. Limited access and visibility and other technical challenges precluded

widespread adoption of these approaches by many cardiac surgeons. Nevertheless,

accumulating evidence with these minimally invasive approaches to valve repair has

suggested improved clinical outcomes in terms of incisional pain, hospital stays, cosmesis,

wound complications, and patient home recovery times (9). These incentives have

powered the development of newer minimally-invasive approaches towards mitral valve

repair. Two new successful strategies entail the use of the da Vinci robotic surgical

platform (10,11) and specially-designed manually-actuated thoracoscopic instruments

(12,13). These two approaches incorporate many common themes and are therefore

described concomitantly.

The mitral valve can be approached via a right transpleural approach through a small

right thoracotomy. In a modified left lateral decubitus position the right lung is deflated via

selective lung ventilation. A small 4–5 cm mini-thoracotomy is created through the right

fourth or fifth intercostal space and the pericardium is opened and suspended. The right

(or left) femoral artery and vein are cannulated and, under hypothermic cardiopulmonary

bypass, Sondergaard’s interatrial groove is developed. A transthoracic aortic crossclamp

or endovascular occluding balloon is then applied and the heart is arrested with antegrade

cardioplegia. A standard transverse left atriotomy is then performed and a specially-

designed atrial retractor is used to provide excellent exposure of the mitral valve. At this

point one of two instrumentation strategies is employed.

In the robot-assisted approach, the da Vinci endoscope is placed through the

minithoracotomy towards the mitral valve, providing excellent visualization. Two

separate instrumentation ports are used to direct each of the robotic instrument arms into

the left atriotomy. The mitral valve is repaired with standard techniques under

videoscopic, robot-assisted guidance (Fig. 6). Once the valve is repaired, the robot is

extracted from the patient, the left atriotomy closed, and the operation completed in the

usual fashion. Another approach entails the use of manually-actuated extended

Figure 5 Geometric structural changes associated with failing, dilated left ventricle. Inadequate

mitral leaflet coaptation results from mitral annular dilatation, papillary muscle displacement,

increased leaflet tethering forces, and weakened leaflet closing forces. Source: From Badhwar V,

Bolling SF. Nontransplant surgical options for heart failure. In: Cardiac Surgery in the Adult, 7th ed.

New York: McGraw Hill, 2003:1515–1526.
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instruments to affect the same mitral repair under direct or videoscopic vision. Both

approaches have been used with great success and have generally resulted in improved

clinical outcomes. In a series of 25 patients undergoing robot-assisted mitral valve repair,

Tatooles and colleagues describe the ability to extubate 21 patients (84%) in the operating

room without the need for reintubation, permitting early ambulation and return of bowel

function (9). Eight of these patients were successfully discharged home in less than 24 hr

with an average length of stay of 2.7 days. Nifong and colleagues showed that robot-

assisted mitral repair could be performed with similar operative times compared with

standard techniques (11), although all groups describe a definite “learning curve” effect on

operative times (Table 1). Long-term durability of these repairs is still under evaluation

with accumulating experience; however, early results are encouraging.

Figure 6 Posterior trapezoidal resection of mitral valve leaflet with the da Vinciw surgical robotic

system. Source: From Ref. 10.

Table 1 Inpatient Stays for Patients Undergoing Robot-Assisted Mitral Valve Repair (nZ25)a

Variable N(%) Mean G SD Range

Extubated in OR 21(84%)

ICH (hr) 35.4G18.5 18–72

LOS (days) 2.68G3.1 1–16

Discharged !24 hr 8(32%)

Discharged !30 hr 12(48%)

Pts requiring PRBCs 11(44%)

aPostoperative data.

Abbreviations: ICU, intensive care units; LOS, length of stay; OR, operating room; PRBCs, packed red blood

cells; Pts, patients; SD, standard deviation.

Source: From Ref. 9.
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MINIMALLY INVASIVE, ROBOT-ASSISTED BIVENTRICULAR
PACEMAKER LEAD PLACEMENT

Ventricular dysynchrony secondary to intraventricular conduction delay has been

observed in up to 30% of heart failure patients (14). This discoordinate contraction

pattern appears to contribute substantially to the already depressed cardiac contractility

observed in patients with idiopathic and ischemic cardiomyopathies. Ventricular

dysynchrony has been associated with mitral insufficiency and increased mortality rates

(15,16). There is mounting evidence that ventricular resynchronization by way of

biventricular pacing can, in selected heart failure patients, improve ventricular function,

exercise capacity, and quality of life (17,18). Current biventricular systems rely upon

intracardiac leads percutaneously implanted into the endocardial surfaces of the right

atrium and right ventricle; the left ventricular lead is placed into the coronary sinus.

Physiologic studies suggest that the most effective hemodynamic augmentation with

resynchronization is achieved by pacing the posterobasal segment of the left ventricle,

compared to the lateral or anterior segments. Achieving this nominal left ventricular lead

position is often difficult with the percutaneous route for two reasons: (1) coronary sinus

and venous anatomy precludes lead placement in 10–15% of cases and (2) it is often

difficult to position the lead in the posterolateral vertical vein of the coronary sinus.

Furthermore, in some cases, even adequate cannulation of the coronary sinus with the left

ventricular lead results in intermittent or continuous left phrenic nerve stimulation which

is often bothersome to the patient.

When the left ventricular lead cannot be placed by the usual percutaneous route,

surgical epicardial placement of this lead is considered. Initially, surgical placement of this

lead was conducted through a standard or mini-thoracotomy and, more recently, using

standard handheld thoracoscopic instrumentation. Disadvantages with these approaches

include fairly limited access to the entire left ventricular surface, including the nominal

posterobasal surface of the left ventricle and the considerable postoperative pain

associated with any thoracotomy. The recent use of minimally-invasive robot-assisted

techniques to place the left ventricular epicardial pacing leads has reduced the morbidity

associated with thoracotomy and provided much greater access to critical left ventricular

surfaces not afforded with standard thoracoscopic methods. DeRose and colleagues

described the first sustained experience with the robotic approach, reporting successful

placement of epicardial leads in ten patients (19).

Methodology

We have used the intuitive da Vinci surgical robotic system to routinely place epicardial

biventricular pacing leads which could not be placed in the catheterization laboratory or to

replace leads that resulted in phrenic nerve stimulation. Although described robotic

techniques vary slightly among different surgeons, there are many common themes which

have evolved with collective experience.

After induction of general endotracheal anesthesia, selective right lung ventilation is

achieved with insertion of a double-lumen endotracheal tube or bronchial blocker.

We generally do not use intraoperative transesophageal echocardiography, although this

may be useful for intraoperative hemodynamic management. The patient is then placed in a

full right lateral decubitus position (i.e., right side down) and secured to the operating table.

Cutaneous defibrillation pads are placed on the anterior and posterior chest wall. After the

left lung is deflated, a 10 mm camera port is placed in the left seventh intercostal space just
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anterior to the scapular tip line and a 08 da Vinci videoscope is manually placed through this

port to assure adequate lung isolation and anatomy of the left pleural space. To increase the

working space between the heart and the lateral chest wall, 8–10 mm of CO2 insufflation is

instilled into the left chest, effectively shifting the mediastinum, including the heart away

from the chest wall. One must be cautious during insufflation, since excessive mediastinal

shift may result in varying degrees of hemodynamic compromise. Under videoscopic

vision, two 5 mm da Vinci instrument ports are placed in the left fifth and ninth intercostal

spaces along the scapular tip line. A 10 mm “working” port is placed in the seventh

intercostal space approximately four centimeters posterior to the camera port for the

introduction of the leads and any required suture materials. The da Vinci “slave” robot is

moved toward the patient and docked to the camera and instrument ports. Forceps and

electrocautery instruments are then carefully inserted into the left chest under videoscopic

vision, taking care not to inadvertently puncture the lung or heart.

After any intrapleural adhesions are lysed, the pericardium is incised transversely

2 to 3 cm posterior to the course of the left phrenic nerve. At this point the circumflex

marginal coronary branches are often identifiable as landmarks for epicardial lead

placement. At times, temporary retraction sutures placed in the pericardial edges can

facilitate exposure. The first epicardial lead is then placed into the left chest through the

working port and grasped by the robotic forceps (Fig. 7), keeping the proximal end outside

the chest. Either screw-in or suture-fixation (e.g., steroid eluting) leads may be utilized.

We and others have found that the posterobasal region in proximity to the second and third

obtuse marginal branches appears to be the optimal site for left ventricular lead

placement (20). This nominal site can be identified using the coronary anatomy or by using

a temporary pacing wire to map the ventricular electrogram, identifying the area of latest

activation along the posterobasal ventricular surface in relation to the patient’s intrinsic

QRS complex. Once placed, the lead is tested for capture threshold and impedence,

capped, and delivered entirely into the chest. Usually, a second “back-up” epicardial lead

is placed in the vicinity of the first in an identical manner and the pericardium is loosely

closed over both leads. The leads are then retrieved from the chest through the working or

Figure 7 Robot-assisted epicardial biventricular lead placement as viewed by operating surgeon

through da Vinciw master console. Source: From Ref. 19.
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right instrument port and tunneled subcutaneously into a counter incision placed in the left

axilla. A single soft 19 French Blake drain is placed into the left chest through the left

instrument port under videoscopic guidance and all remaining ports are removed and

incisions closed.

At this point, we reposition, reprep, and redrape the patient in a supine position.

Usually, a biventricular generator has already been placed in a left subclavicular

subcutaneous pocket. This pocket is reopened and the generator is temporarily extracted.

The newly placed epicardial leads are then tunneled from the axillary counterincision to

the generator pocket. Thresholds and impedances are retested and the best lead is

connected to the device. The backup lead is capped and fixed to the pectoralis fascia

using a fine monofilament suture. The device is then reinserted into the pocket which is

subsequently closed. Finally, the device is interrogated and reprogrammed appropriately.

Often, the patient can be awakened and extubated in the operating room immediately

after the procedure. As a precaution, we observe all of our patients in an intensive care unit

setting for 24 hr prior to transfer to a monitored bed. The single pleural drain is usually

removed on the first postoperative morning.

Clinical Results

The clinical series by DeRose reports a high degree of success with this robotic approach

towards biventricular epicardial lead placement (19). The mean robotic operative time was

83G53 min, with a clear reduction in operative times from an average of 108 min for the

first five cases to an average of 50 min with the latter five cases; this is clearly a reflection

of a learning curve. In our series (unreported data), we have achieved similar operative

times. Although there have been no case-control studies to date, we and others have

observed significantly reduced patient discomfort, hospitalization acuity, and inpatient

stays using this minimally-invasive approach. Although this surgical approach carries the

disadvantage of general anesthesia, compared to percutaneous methods, we and others

have experienced surprisingly minimal hemodynamic difficulties during the intra- and

postoperative periods. It remains to be seen whether this approach affords improved

functional outcomes compared to standard percutaneous techniques.

MINIMALLY INVASIVE, ROBOT-ASSISTED TRANSMYOCARDIAL
REVASCULARIZATION

Although CABG and percutaneous coronary interventions (PCI) are proven therapies for

relief of angina stemming for ischemic heart disease, there exists a subset of “no-option”

patients with intractable angina caused by diffuse, small-vessel coronary disease not

amenable to these modalities. Transmyocardial laser revascularization (TMR) has shown

some clinical promise in substantially reducing anginal symptoms in these patients either

as sole therapy or in conjunction with CABG (21–25). Most recently, Allen and colleagues

also demonstrated a significantly reduced risk of late death for no-option patients treated

with sole therapy TMR compared to maximal medical therapy (26). TMR is currently

delivered mainly via median sternotomy or left thoracotomy. We have recently developed

a technique to combine the unique dexterity afforded by the da Vinci surgical robotic

platform with a prototype flexible fiberoptic Holmium:Yttrium–Aluminum–Garnet

(Ho:YAG) laser TMR device (CardioGenesis Corporation, Foothill Ranch, CA) to

perform totally endoscopic off-pump TMR (27).
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Methodology

The procedure is performed under general anesthesia with single-lung ventilation. The

patient is placed in a full right lateral decubitus position. A left transpleural approach is

taken, similar to that described for robot-assisted biventricular lead placement. Two

transverse pericardiotomies are created approximately 2 cm medial and lateral to the left

phrenic nerve in order to access all wall segments of the left ventricle. A prototype

modification of the SoloGrip III TMR Ho:YAG laser handpiece (TMR2000;

CardioGenesis Corporation, Foothill Ranch, CA) fitted with a 1.0 mm CardioGenesis

CrystalFlexw fiberoptic probe (Fig. 8) is introduced into the left chest cavity through the

working port and grasped by one of two da Vinci DeBakey forceps instruments under

videoscopic guidance. Transmural channels are created through the anterior, anterolateral,

apical, posterolateral, posterobasal, and/or inferior walls of the beating left ventricle at a

density of approximately 1 channel/cm2 (Fig. 9). The laser energy delivered to the

myocardium consists of 7 Watt pulses at a 5 Hz repetition rate with a pulse width of

200 msec (G 25%). The flexible probe is easily maneuverable by the da Vinci

instrumentation and the cupped tip is gently placed upon each targeted area, oriented

perpendicularly to the epicardial surface without deforming or compressing the left

ventricle. Once the probe tip is seated on the epicardial surface, each channel is created by

the tableside surgeon by advancing the CrystalFlex fiber, with the SoloGripw handpiece,

through the myocardium while discharging the laser pulses through it. Detection of

transmural penetration is achieved with auditory feedback to the tableside surgeon. Early

FDA safety trials evaluating this technique are underway.

SURGICAL TREATMENT OF ATRIAL FIBRILLATION

The surgical Maze III operation first performed and described by Cox in 1988 at

Washington University Medical Center is the gold standard for the surgical treatment of

atrial fibrillation (28,29). This operation consists of creating transmural isolating scars in

atrial tissue, using a cut-and-sew technique, to interrupt aberrant conduction pathways

responsible for atrial fibrillation. Long-term follow-up has demonstrated that over 90% of

patients treated with the Maze III operation are free of atrial fibrillation, and that most of

these patients are off of antiarrhythmic medications. However, this operation is a rather

Figure 8 The prototype 1.0 mm Cardiogenesis CrystalFlexw fiberoptic probe (A) fitted to the

commercially-available SoloGrip IIIw TMR Ho:YAG laser handpiece (B). Source: Photos courtesy

of TMR2000; Cardiogenesis Corporation, Foothill Ranch, California, U.S.A.
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complex, extensive, and invasive operation and has consequently not been

widely adopted.

In recent years, several different ablation devices using different forms of ablative

energy have been devised, facilitating the creation of transmural linear lesion lines as a

simpler substitute for the cut-and-sew techniques used with the original Cox Maze

operations. Furthermore, simpler lesion patterns have been proposed to further simplify

these ablative operations. Here we describe two devices representative of two different

energy sources: the Guidant Flex-4e and Flex-10e microwave ablation devices and the

Medtronic Cardioblate radiofrequency device.

Guidant Flex-4e and Flex-10e Microwave Ablation Devices

The microwave Guidant Flex-4 and Flex-10 devices (Guidant Corp., Fremont, CA)

generate electromagnetic waves at delivered at high frequency (2450 MHz) by a malleable

antenna probe (Fig. 10), provoking the vibration and rotation of water molecule dipoles in

the targeted tissues and thereby creating friction and heat, creating necrotic lesions at a

predictable depth. Shielding in the ablating tip inhibits microwave energy into non-

targeted tissue (e.g., blood vessels). These flexible devices can be used to create both

encircling and linear ablative lesions.

Several technical variations have been described using the Flex-4 and Flex-10

microwave ablation devices (30). An off-pump approach entails the encirclement of all

four pulmonary veins by way of the transverse and oblique sinuses to create a continuous

epicardial ablation line, often referred to as a “box” lesion, around the pulmonary veins

(Fig.11). The same device is then manipulated to create a connecting lesion to the base of

the left atrial appendage, which is then subsequently stapled off at its base.

Utilization of normothermic cardiopulmonary bypass and cardioplegic arrest affords

the creation of additional endocardial lesion sets. Under cardiopulmonary bypass with the

heart left beating and empty, the pulmonary vein box lesion is created as described above

and the left atrial appendage is stapled off at its base. Endocardial right-sided lesions are

Figure 9 Surgeon’s views through da Vinciw master console of robot-assisted, endoscopic

transmyocardial revascularization. Transmural channels were created through the anterior (top),

anterolateral, apical, posterolateral, posterobasal, and inferior (bottom) walls of the beating canine

left ventricle. Note the preserved left phrenic nerve in the bottom of photo.
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then created by amputating the right atrial appendage and creating a linear lesion from its

base to the tricuspid valve annulus. Through a second lateral right atriotomy, additional

lesions are created cranially into the superior vena cava and caudally into the inferior vena

cava. Another lesion is drawn from the atriotomy to the posterior segment of the tricuspid

valve annulus. Finally, a lesion line is created from the edge of the atriotomy, traversing

the fossa ovalis and the isthmus into the coronary sinus and down into the inferior vena

cava. Under cardioplegic arrest left-sided endocardial lesions are created via a transverse

left atriotomy. These consist of a linear lesion connecting the base of the amputated left

atrial appendage and the box lesion and another connecting lesion between the box lesion

and mitral annulus near the P3 posterior leaflet segment.

Figure 10 Flex-10e microwave ablation device. Source: Photo courtesy of Guidant Corp.,

Fremont, California, U.S.A.

Figure 11 Creation of “box” lesion around pulmonary veins with the Flex-10e microwave

ablation device. Source: Photo courtesy of Guidant Corp., Fremont, California, U.S.A.
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Most recently, the Guidant microwave ablation system has been used in the

development of minimally-invasive approaches to atrial fibrillation ablation. Standard

thoracoscopic- and robotic-based approaches are undergoing early trials.

Medtronic Cardioblatew Radiofrequency Ablation Device

The Medtronic Cardioblatew device (Medtronic, Minneapolis, MN) is based on a

unipolar surgical ablation pen which is used to apply radiofrequency energy (484.2 kHz)

to the endocardial surface. A grounding indifferent electrode is placed behind the right

shoulder of the patient. Continuous saline irrigation is used to cool the surface of the

treated endocardium. Lesions are created by repeated stroking (about 10 oscillations) of

the endocardium with the pen. Both left- and right-sided lesions, as described above, can

be created on the endocardial surface under cardiopulmonary bypass and cardioplegic

arrest (30).

AtriCure Radiofrequency Ablation Device

The AtriCure ablation device (AtriCure Inc., Cincinnati, OH) delivers radiofrequency

energy between two closely approximated 5 cm!1 mm electrodes embedded in the jaws of

a specially designed clamp (Fig. 12). A useful feature of this bipolar device is the ability to

measure the drop in conduction of the tissue clamped between the two electrodes,

confirming transmural ablation. Furthermore, the delivered energy is quite focused,

resulting in discrete thin lesions (1 to 3 mm wide) with minimal collateral tissue injury. This

characteristic may diminish the risk of extensive scarring which might otherwise lead to

pulmonary vein stenosis or injury to other structures (e.g., valve leaflets, coronary sinus).

Damiano and colleagues have described the use of the AtriCure device in

performing a modified Cox Maze atrial fibrillation ablation in conjunction with mitral

valve surgery (31). Briefly, the technique is performed through a median sternotomy on

normothermic cardiopulmonary bypass. With the heart empty and beating, the right and

left pulmonary veins are each clamped with the AtriCure device and encircling lesions are

created (Fig. 13). For the right-sided lesions, a small incision is made in the midpoint of the

right atrial appendage and extended superiorly up to the atrioventricular groove. One jaw

of the AtriCure device is placed through this incision and a lesion is created along the right

atrial-free wall. A separate vertical right atriotomy is created approximately 2 cm from the

Figure 12 AtriCure radiofrequency ablation device. Source: Photo courtesy of AtriCure Inc.,

Cincinnati, Ohio, U.S.A.
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just created free wall ablation line and extended to the atrioventricular groove and

inferiorly down toward the intraatrial septum. Four separate ablation lines are then created

with the AtriCure device, with two extending to the tricuspid annulus, one extending

towards the superior vena cava, and another one extending down towards the inferior vena

cava. For the left-sided lesions, a standard transverse left atriotomy is created and a

transseptal ablation line is created with the AtriCure device across the atrial septum onto

the fossa ovalis. Another lesion is created extending from the atrioventricular groove to the

mitral annulus. Mitral valve repair or replacement is then performed, the left atrial

appendage is amputated, and a final left-sided lesion is created between the base of the

appendage and the left superior pulmonary vein.

Wolf et al. at the University of Cincinnati have recently described an alternative off-

pump ablative technique. Referred to as the Wolf “Mini-Maze,” this technique is

predicated on placing the AtriCure device around the right and left pulmonary veins

through bilateral mini-thoracotomy incisions, guided by a videoscope placed through a

separate thoracoport. The videoscope affords reasonable visualization, obviating the need

to spread the ribs with a retractor; soft-tissue retractors are used instead. The left atrial

appendage is also stapled off through the left mini-thoracotomy. Early results are

promising with this attenuated approach.

Clinical Results

In a comparison of the Guidant and Medtronic ablation devices, Wisser et al. noted a

similar successful conversion rate of around 80% when the devices were used to create

Figure 13 Left pulmonary vein isolation using the AtriCure bipolar radiofrequency ablation

device. Source: From Ref. 31.
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biatrial Cox Maze III lesions in patients with chronic persistent atrial fibrillation (30). In all

of these patients, ablation was performed in conjunction with valvular surgery. The authors

noted an incidence of atrioventricular block of 13.6% and 10.5% with the Guidant and

Medtronic devices, respectively, and postulated that this relatively high rate was due to

lesion lines which ran close to the atrioventricular node.

In 43 cases using the AtriCure radiofrequency ablation device, Damiano et al.

describe 91% of patients in sinus rhythm at six months with ten patients still on

antiarrhythmics (31). Furthermore, follow-up MRI studies showed no evidence of

pulmonary vein stenosis and preserved atrial contractility in all patients.

CARDIAC RESTRAINT DEVICES: THE ACORN CORCAPw DEVICE

Ventricular dilatation is a late manifestation of early compensatory structural changes

encountered in heart failure. However, dilatation results in increased ventricular wall

stress, myocyte overstretching, a less efficient spherical geometry and, in many cases,

significant atrioventricular valve insufficiency which exacerbates volume overload. These

macrostructural changes lead to debilitating congestive symptoms, are clearly associated

with an increased mortality risk, and often are not adequately treated by medical therapies.

The Acorn CorCapw cardiac support device (CSD; Acorn Cardiovascular Inc., St. Paul,

MN) is an implantable passive mesh restraint that is surgically wrapped around the heart

and fitted to provide circumferential diastolic support (Fig. 14). The CSD is designed to

reduce end-diastolic ventricular wall stress and myocyte overstretching as well as volume

overload dynamics. In doing so, it is thought that the compensatory remodeling processes

leading to end-stage dilatation and dysfunction may be halted, ameliorated, or reversed.

The CSD consists of a polyester fabric mesh knitted in such a way to maximize

flexibility, strength, and durability. Its bidirectional compliance profile is designed to

emphasize circumferential versus apical-basal support to promote a more ellipsoid

ventricular conformation. Patients appropriate for CSD implantation are adults

suffering from systolic ventricular dysfunction and dilatation resulting in New York

Heart Association (NYHA) functional class III or IV heart failure, despite optimal

medical management.

Implantation

The CSD can be implanted with or without cardiopulmonary bypass, depending on

whether concomitant cardiac procedures are anticipated. Through a sternotomy, the

pericardium is opened and the left ventricular diameter is measured at the mid-papillary

muscle level using transesophageal echocardiography. The heart’s circumferential and

base-to-apex dimensions are then measured and used to select one of six CSD sizes. The

CSD is then wrapped around the ventricles, positioning the hemline of the device above or

just below the atrioventricular groove. A series of interrupted 4–0 polypropylene sutures

are used to secure the device around the base of the heart. A snug fit is desired, but not so

much as to reduce the left ventricular diameter by more than 10%. This CSD sizing

strategy is intended to relieve ventricular wall stress and myocyte stretching.

Clinical Results

Oz et al. describes a prospective case-control series of 48 patients with dilated ischemic or

idiopathic dilated cardiomyopathy who underwent implantation of the CorCap device, of
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Figure 14 The Acorn CorCapw cardiac support device. The device is an implantable passive

mesh restraint that is surgically wrapped around the heart and fitted to provide circumferential

diastolic support. Source: From Ref. 32.

Table 2 Operative Times for Robot-Assisted Mitral Valve Repairsa

Variable First 10 cases Last 15 cases p Value

Total OR time (min) 318.5 275.1 0.003

Procedure time (min) 209.9 192.2 0.345

CPB time (min) 137.2 119.5 0.093

Cross clamp time (min) 97.6 81.1 0.050

Leaflet repair (min) 26.2 15.6 0.001

Annuloplasty ring (min) 31.9 24.8 0.007

LOS (days) 4.2 1.67 0.043

Initial cases versus current experience. Note the reduced times over the last 15 cases versus the first 10 cases

(nZ25)
a Mean values.

Abbreviations: CPB, cardiopulmonary bypass; LOS, length of stay; OR, operating room.

Source: From Ref. 6.
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whom 33 received concomitant cardiac surgery (32). Inclusion and exclusion criteria for

this study are listed in Table 2. Patient follow-up was obtained at three, six, 12, and 18 to

24 months after CSD implantation. The operative mortality was 16.6% with nine late

deaths including several not related to heart failure (i.e., malignancy in two patients and

prosthetic valve thrombosis); other etiologies included pneumonia, ventricular

arrhythmia, recurrent mitral insufficiency, and cerebral hemorrhage. Among the total of

17 deaths in the series, five occurred in patients with ischemic cardiomyopathy and 12 in

patients with an idiopathic etiology. There were no intraoperative device-

related complications.

In this study, the actuarial survival was 73% at 12 months and 68% at 24 months. In

patients implanted with the CSD, ventricular chamber dimensions decreased and left

ventricular ejection fraction and NYHA class were improved among patients receiving the

CSD with or without concomitant cardiac operations). There was an observed trend

towards increased left-ventricular end-diastolic pressure (LVEDP) in the untreated,

control group and a decrease in LVEDP in the treatment group. There were no device-

related adverse events or evidence of constrictive pathophysiology, and coronary artery

flow reserve was maintained. More definitive clinical results with the CorCap device are

still pending.
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INTRODUCTION

Unique aspects of end stage heart failure in children center around the diversity of

underlying disease presenting in infancy and childhood, whether in the form of congenital

cardiac malformation or cardiomyopathy. Device experience in children and young adults

with advanced heart disease is less extensive than in adults, but a considerable knowledge

base is developing nonetheless. Common to all these therapies are concerns about long-

term effects in the growing and developing child, who may experience a many-fold

increase in body size after therapy, and has a life expectancy significantly longer than the

majority of adult patients receiving similar therapies. Challenges arise in attempting to

“retrofit” adult therapies for pediatric patients who display important developmental

differences in size, configuration, and physiologic response of the heart and vasculature.

Etiologies of pediatric heart failure and cardiomyopathy also differ dramatically from

those commonly encountered in adults. Therefore, some aspects of such therapy are

unique to children and to those with congenital heart disease; these features will be the

focus of this section.

UNIQUE ASPECTS OF PEDIATRIC HEART FAILURE AND DEVICE USE

Etiologies of myocardial failure in pediatric patients are primarily congenital heart disease

with acute post-operative decompensation, acute or chronic congestive heart failure

(CHF), and primary cardiomyopathy occurring at any age (1). In contrast, myocardial

failure in the adult population often occurs in the setting of primary or secondary coronary

vascular disease. There is a distinct paucity of coronary disease in pediatrics, the

exceptions being Kawasaki Disease, anomalous origin of the left coronary artery arising
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from the pulmonary artery, dyslipidemias, and post-transplant coronary allograft

vasculopathy (2).

Size differences in the pediatric patients provide the most obvious and predictable

limitation to device utilization of all types, whether pacemaker, implantable defibrillator

(ICD), ventricular assist devices (VADs), or extracorporeal membrane oxygenation

(ECMO) machines. Limitations in miniaturizing of pulsatile flow devices for prolonged

use in infants and small children affects the type and duration of support available to this

group, and overall morbidity and mortality (3,4).

Cardiac malformations complicate treatment of myocardial dysfunction in

approximately half of all pediatric patients with heart failure. Complex intracardiac

disease, unusual vascular anatomy, and single ventricle physiology often influence

treatment options in ways that are unique to this population and do not easily lend

themselves to large randomized treatment protocols. Despite these limitations, there has

been remarkable progress over the past decade, reflected in enhanced survival of children

with acute and refractory myocardial failure.

Prognosis for ventricular failure in the pediatric age group is highly dependent on

accurate diagnosis. It is especially important to identify potentially correctable anatomic

factors in patients with congenital heart disease (CHD). Underlying genetic and metabolic

abnormalities are often important in those with cardiomyopathy presenting in infancy or

childhood (5). Potential for recovery of ventricular function is greatest in infants,

independent of the underlying cause.

Implications and even definitions of success of heart failure therapies are often age

dependent. Success in achieving “normal” quality of life may be dependent on both

physical and psychological effects of therapeutic interventions, as well as the

developmental stages at which interventions take place. Unlike interventions performed

in older adults, success may not be defined by short-and medium-term results, due to

unforeseen ramifications that may present decades later. For example, successful cardiac

transplantation in childhood may offer excellent palliation through adolescence, but may

entail significant morbidity and mortality in young adulthood (6).

ELECTROPHYSIOLOGY: CATHETER ABLATION
AND DEVICE THERAPY

Rhythm disturbances occur primarily in the setting of complex congenital heart disease,

either prior to or following surgical repair, or with primary myocardial diseases affecting

the conduction system. Unlike the adult population, there are very few pediatric patients

with typical findings of LV dysfunction with normal cardiac anatomy. The small size of

pediatric patients significantly alters both the type and duration of virtually all therapeutic

options including ablation, pacemakers, ICDs, and cardiac resynchronization therapy

(CRT). Risk/benefit ratios take into account the possible need for open chest procedure for

epicardial lead placement, and morbidity of implanted systems from pocket infection, lead

placement compromising AV valve function or coronary sinus venous return,

inappropriate defibrillation, and iatrogenic arrhythmia. Adult data cannot be applied

directly to a heterogeneous pediatric population with unique cardiovascular anatomy and

physiology. This heterogeneity also severely limits our ability to conduct large

randomized trials to evaluate such therapies, a research tool which has dramatically

altered management practices in the world of adult cardiology.

Smoot et al.654



Catheter Ablation Therapy

The first reports of radiofrequency catheter ablation in pediatrics began to appear in

1991 (7). Early on, most ablations were performed for “medically-refractory” or life-

threatening tachycardia, but as experience grew, less symptomatic patients began to

choose ablation, according to data from the Pediatric Radiofrequency Catheter Ablation

Registry (8). Although uncommon, ablation in tachycardia-induced cardiomyopathy

remains an important indication. These ablations almost invariably are for atrial

tachycardia or the so-called “permanent form of junctional reciprocating tachycardia”

(PJRT), the primary causes of tachycardia-induced heart failure in children. It is not

uncommon for such children to be referred for heart transplantation for cardiomyo-

pathy, but once the causative role of the arrhythmia is recognized, ablative therapy can

be performed and is curative in most cases. Walsh (9) reported an early ablation

experience in 12 children with incessant ectopic atrial tachycardia and ventricular

dysfunction. Ablation was successful in 11/12, with the 12th patient referred

for surgery.

In the NASPE expert consensus conference on radiofrequency catheter ablation in

children, supraventricular tachycardia associated with ventricular dysfunction is listed as

one of the few Class I indications for catheter ablation (10). Success rates for atrial ectopic

tachycardia in historical Registry cases were close to 90% regardless of age, and

complication rates have been low at 2–4% (11). However, catheter ablation therapy has

been limited in very young children by overall higher complication rates in patients under

4 yr old in the Registry data, and by animal data suggesting that lesion size can increase

over time (12) and that coronary artery damage may be more likely in the immature

heart (13).

Catheter ablative therapy has been applied for other pediatric heart failure

indications, primarily to ablate the AV node in cases of intractable atrial tachycardia

and for ablation of re-entry atrial tachycardia in patients with congenital heart disease.

Results in the later category have been mixed, with long-term success rates of

approximately 50% (14). Often multiple attempts are required. Some groups have had

very good results with surgical maze procedures associated with revision of the Fontan

pathway in selected patients with single ventricle physiology and atrial tachycardia.

Mavroudis, et al (15) have shown significant improvement in functional class following

this combined therapy.

Implantable Cardioverter Defibrillator Therapy

With the advent of smaller devices and better lead technology, and recognition of the life-

saving abilities of the ICD, there has been increased utilization of these devices in

pediatrics. Initial reports were limited to older children and teenagers being treated for

secondary prevention (16), but currently therapy is being extended to younger patients, as

well as for primary prevention in cardiomyopathy patients. Implantation of devices can be

challenging in very small patients and those with complex heart disease (Fig. 1), often

requiring a creative and/or combined transvenous and epicardial approach, and should

only be performed in centers with extensive experience in such cases.

In the largest single-center pediatric study yet published, Alexander, et al (17)

reported ICD implantation in 76 children and young adults, ages 1–30 yr old.

Congenital heart disease was present in 42%, primary electrical disease in 33%, and

hypertrophic or dilated cardiomyopathy in the remainder. Transvenous implantation
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was accomplished in 93%; the remainder required either a subcutaneous array or

epicardial patches. Appropriate therapy was delivered in 28% of patients overall,

and in 33% of those with dilated cardiomyopathy. Of note were high rates of both lead

failure (21%) and inappropriate therapy (25%), an experience widely shared in pediatric

centers. In the 2004 study by Korte, et al. (18) even higher rates of both

appropriate and inappropriate discharges were found. They reported 20 children with

ICDs implanted for secondary prevention or syncope. Appropriate discharges occurred

in 15 (75%) of the patients and inappropriate therapies in 10 (50%). Overall, there were

1.5 appropriate and 1.3 inappropriate therapies per patient-year of follow-up.

Inappropriate therapies were primarily due to sinus or supraventricular tachycardia.

Although the current recommendations for prophylactic ICD placement in adult

patients with heart failure are well-recognized, pediatric cardiologists have been slower to

move in this direction due to this perceived increased morbidity of ICD therapy in

children, technical difficulties, and lack of complete data on efficacy. The relatively high

rate of appropriate therapy in the cardiomyopathy patients perhaps reflects greater

utilization of defibrillator therapy for secondary rather than primary prevention in

these patients.

Just as in adult patients, ICD implantation has been found to be a useful bridge to

transplant. Dubin, et al (19) reported a multicenter study of 28 pediatric patients awaiting

orthotopic heart transplantation who had an ICD. Age at implant ranged from 11 mo to

21 yr. Most (nZ22) had cardiomyopathy; six had congenital heart disease. Only five

patients received an ICD prophylactically with no documented arrhythmia, syncope or

sudden death event. Thirteen patients (46%) had appropriate discharges at a mean of 7 mo

after implant. Inappropriate discharges occurred in 25% of patients. Twenty-two patients

had been transplanted by the conclusion of the study, while two had died, both of

electromechanical dissociation.

Figure 1 Novel lead configuration for an implantable cardioverter defibrillator. Anteroposterior

(A) and lateral (B) chest roentgenograms of an 18-yr-old patient with tetralogy of Fallot and a

prosthetic tricuspid valve, in whom a subcutaneous array and placement of the pace-sense lead in

coronary sinus via the persistent left superior vena cava were utilized to avoid epicardial lead

placement.
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Bradycardia Therapy

In this age of cardiac resynchronization, ventricular pacing for bradycardia increasingly is

being recognized as a potential causative agent of heart failure. However, it must be

acknowledged that many patients benefit greatly from the restoration of AV synchrony and

maintenance of a normal heart rate. Most patients with congenital or surgically-acquired

heart block do well for decades with dual-chamber or even single-chamber pacing.

This patient population does pose unique technical challenges, however. Even those

with “uncomplicated” congenital heart block will require several pacing systems in their

lifetimes, and will experience a many-fold increase in body size before they

reach adulthood. Maintenance of venous access is essential, and necessitates careful

consideration of when to convert from epicardial to transvenous systems, when to implant

two leads, and when to extract existing leads. Increasingly novel approaches such as

femoral access (20) are being explored.

Adding congenital heart disease to the equation injects further complexity into

pacing decisions. Many of these patients, primarily those with single ventricles, must rely

partially or exclusively on epicardial pacing. A recent study on adults with congenital

heart disease requiring pacing revealed a high rate of lead-related complications (27%)

and difficulty with venous access in 15% of patients (21). Long-term epicardial pacing has

been made somewhat easier by the development of steroid-eluting leads, which have

shown improved performance over nonsteroid leads (22). However, these suture-on leads

can be difficult to implant in some patients due to pericardial thickening from previous

cardiac surgery.

THERAPEUTIC CIRCULATORY SUPPORT MODALITIES

Factors influencing adequate circulatory support in the failing ventricle include those

which: (1) enhance oxygen and nutrient delivery to the tissues and/or reduce metabolic

demands of the body and (2) facilitate clearance of CO2, lactate, and other waste

products (23). While primary efforts are directed at augmenting cardiac output in the

patient with end-stage CHF, additional measures that reduce cardiac work or metabolic

demands cannot be overlooked in management of the pediatric patient. Such measures

may include hypothermia, continuous positive airwary pressure (CPAP/BIPAP), or

mechanical ventilation with appropriate sedation (24,25).

As with adults, acute cardiac failure or signs of inadequate circulation despite

maximal medical therapy form the primary indications for direct mechanical circulatory

support (1). These include progressive end-organ dysfunction, altered mental status, and

rising lactate or metabolic acidosis despite maximal inotropic and indirect forms of

cardiovascular support. In the pediatric population, primary indications for mechanical

circulatory support vary significantly with age. Hypoxia is often associated with

ventricular failure in neonatal and pediatric patients and, in combination with patient

size and technical constraints, influence the type of support utilized (26).

Mechanical Cardiopulmonary Support

Extracorporeal Membrane Oxygenation

While an increasing variety of devices are being employed in pediatric patients, the primary

modality used to date has been non-pulsatile flow support using ECMO. The ability of
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ECMO to provide simultaneous cardiac and respiratory support in settings of refractory

hypoxia, biventricular failure, pulmonary hypertension, or complex congenital heart

disease accounts partially for its widespread use in pediatrics (27). Considerable experience

was gained in its early use for primary neonatal and pediatric respiratory failure, followed by

increasing utilization for pediatric (and adult) patients with primary cardiac failure (28,29).

Additional factors leading to its widespread use in pediatrics include: the ability of ECMO to

be employed rapidly following cardiac arrest, potential for peripheral cannulation, and its

potential effectiveness in patients with complex intracardiac malformations and/or shunts

(30). Today, ECMO is the most commonly used form of pediatric circulatory support, and is

generally available in institutions with pediatric surgical and ICU familiarity with

cardiac bypass.

Extracorporeal membrane oxygenation circuits are composed of an oxygenator, a

pump, and a heat exchanger (23,31). Cannulation may be transthoracic (venous cannula in

the right atrial appendage and arterial in the ascending aorta), or peripheral, utilizing the

neck or femoral vessels. Intracardiac malformations and/or single ventricle physiology

often require modifications of the standard approach to ensure adequate perfusion of the

head, viscera, and extremities. Venous decompression is equally as important and often

complicated in patients with congenital heart disease or prior vascular interventions. The

importance of left atrial decompression has been recognized in ECMO patients with

severe LV dysfunction who may not be able to eject even a small amount of blood

returning from pulmonary veins. This often entails placement of an additional catheter in

the left atrium (either surgically or via catheterization).

Limitations due to the need for small cannulae, small ventricular stroke volumes,

and adequate anticoagulation issues (secondary to large artificial surface area to which

blood is exposed), have had to be overcome in order to make ECMO feasible in a range of

pediatric patients.

Extracorporeal membrane oxygenation is optimally used on a short term basis

(!10–14 days) when there is potential for recovery of ventricular function or potential

for bridging to transplantation.

In the Children’s Hospital Boston (CHB) experience, recovery of cardiac function

within 72 hr on ECMO support is an indicator of subsequent successful weaning from

mechanical support.

ECMO as a Bridge to Transplant

As explained above, ECMO is currently the primary modality used to provide mechanical

support in pediatric patients. Its ability to function in bridging to transplant those pediatric

patients with irrecoverable ventricular dysfunction is limited by several factors including

end-organ dysfunction, infection, coagulopathy associated with circuit, and central

nervous system injury (32,33,34).

If long-term ventricular support is necessary, transition to a VAD may be

attempted (28). Thiagarajan (35) reports 54% of patients receiving mechanical support

underwent successful cardiac transplantation at Children’s Hospital, Boston. Table 1

summarizes experience of multiple single pediatric centers involved in the utilization of

ECMO in bridging patients to cardiac transplantation.

Patients under one year of age and patients with structural heart disease are less likely

to be successfully bridged to cardiac transplantation (36). This may be due in part to the

paucity of available ventricular support devices for patients weighing less than 15 kg.

Regional differences in infant donor organ resources and thus wait times for this age
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group may also account for poor success in the !1 yr age group. Strategies to

optimize transplantation rates this group of patients includes using ABO-incompatible

donors and/or continued development of ventricular support devices suitable for

these patients.

In older children, transition from ECMO to a VAD support and subsequent

successful transplantation is possible, more closely resembling outcomes in adults (27). In

several centers, long-term survival outcomes are not different for patients receiving

mechanical support prior to transplantation, as compared to those who did not (6).

VADs in Pediatrics

Utilization of VADs, including either single or biventricular assistance without

oxygenation, has been limited by size and physiology in the pediatric age group. Intra-

aortic balloon pumps (IABPs) and a variety of pulsatile ventricular support devices (VADs)

have been successfully used in adults.

Intraortic balloon counterpulsation has been employed in a relatively small number

of pediatric patients in recent decades. A variety of factors account for this, including

difficulty obtaining and inserting appropriate balloon sizes, achieving optimal timing of

device, and assessing effectiveness. Perhaps the single most cited drawback to use of IABP

in children has been its diminished effectiveness due to increased aortic compliance and

small aortic dimensions in young children as compared to adults (37,38).

Neither has the majority of pediatric patients in need been able to realize the benefits

of long term VAD support enjoyed by their adult counterparts, whether extracorporeal or

fully implantable, devices designed for adult use cannot be employed for individuals with

BSA under 1.5 square meters or approximately 40 kg. Pulsatile devices such as the

Heartmate/TCI are typically utilized for isolated left ventricular support with either

pneumatic or electrically driven circuits, and implantable pumps with cannulation of the

LV apex and ascending aorta. Characteristics limiting use in children include both size of

the implantable pump, and minimal flows at O3 L/min. Physical constraints often prohibit

abdominal implantation in pediatric patients despite adequate weight.

Recently, both single and biventricular support for pediatric patients has been

expanded with the development of the Berlin heart, a pneumatically driven, paracorporeal

device initially developed in 1992 (39). Its use in infants and children is made possible by

the availability of pumps with a broad range of stroke volumes from 12 to 80 ml, and with

pumping rates up to 140 bpm. Limited, though increasing, use of this device as a bridge to

Table 1 Selected Single-Center Pediatric Experience in Transplantation from Extracorporeal

Membrane Oxygenation

Center

Gajarski (32)

Ann Arbor, MI

Kirshbom (2)

Philadelphia, PA

Levi (29)

UCLAa, CA

Thiagarajan (35)

Boston, MA

Period 1991–2001

(10 yr)

1994–2000

(6 yr)

1995–2001

(5 yr)

1992–2003

(11 yr)

Listed 21 31 17 39

Weaned 4 (20%) 6 (19%) 2 (17%) 5 (13%)

Transplanted 11 (57%) 11 (35%) 11 (58%) 19 (49%)

Survive to

discharge

9 (82%) 11 (100%) 10 (91%) 15 (79%)

aUCLA, University of California, Los Angeles.
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transplant in children with ventricular failure has been encouraging. Eventual

decannulation after short-or medium-term therapy may also be possible.

PSYCHOSOCIAL ASPECTS OF ADVANCED HEART
DISEASE IN PEDIATRICS

In all age groups there are expected but somewhat unpredictable psychosocial implications

of aggressive support. These may be influenced by the duration of therapies, duration and

type of any associated disability and the degree to which a “normal” quality of life can be

achieved, with marked individuality of responses to adversity (40).

Non-cardiac pathology and natural history of underlying disease may significantly

impact long term prognoses, and may be extremely difficult to identify or anticipate at

early ages. Signs and symptoms of associated skeletal myopathy, metabolic or

mitochondrial disease may be subtle or absent. Syndromic diagnosis with CHD may

occur in settings of normal karyotype, and carry significant non-cardiac morbidity not yet

clinically apparent.

Other issues that come into play in the psychosocial outcome of pediatric patients

utilizing devices in the course of their treatment include the age and developmental stage

of the patient, family dynamics, family and community resources, expectations of therapy,

and short and long-term success of treatment (41).

There have been concerns about the potential for adverse psychological outcomes in

children with ICDs. DeMaso, et al. (41) reported extensive psychological assessments of

20 children with ICDs and found that quality of life was experienced as lower than normal.

However, the rate of depression was lower than in adult ICD patients, and no patient met

the criteria for anxiety. No differences were found in this small group between patients

who had experienced shocks and those who had not. A review of the available data on

psychosocial adjustment of young ICD recipients, along with suggestions for intervention,

has been provided by Sears et al. (42).

Challenges facing children and their families with end-stage heart failure are

complex and continually evolve throughout the lifespan, with or without intervening

cardiac transplantation (43). While descriptive data has been gathered for some aspects of

pediatric experience in the setting of heart transplantation (44–47), collecting similar

information on patients exhibiting a vast diversity of ages, developmental abilities, disease

severity, acuity, diagnosis, and prognosis becomes even more difficult.

Defining measures to assess intangibles such as quality of life are further

confounded by the fact that parents’ perceptions of a child’s health often has little

correlation to either the child’s perception of their disease or to more “objective” measures

of disease severity (48). Further work in this area is expected to refine our understanding of

these issues, and to assist in shaping treatment strategies that preserve both quantity and

quality of life for pediatric heart failure patients.
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INTRODUCTION

The potential for clinical deterioration in medically-managed children with cardiomyo-

pathy and myocarditis and the increase in complexity and volume of cardiac surgical

procedures performed in neonates and infants have introduced the specific need and

challenge of mechanically supporting the failing pediatric heart as a bridge to either

recovery or transplantation (1–4). The first attempt to achieve post-operative myocardial

recovery with veno-arterial bypass in a pediatric patient was reported by Spencer and

coworkers in 1965 (5,6) and was followed by the first successful case of device-assistance

by De Bakey in 1971 (7). Three decades following these initial reports, several devices are

available as well-established treatment modality of refractory or irreversible cardiac

failure in pediatric patients. Device selection is based on the particular indication for

mechanical assistance (acute, chronic, or post-cardiotomy failure), the anticipated length

of support and, most importantly, the size of the patient (1,8–11). For several years,

extracorporeal membrane oxygenation (ECMO) and non-pulsatile centrifugal pumps have

represented the mainstay of cardiac and pulmonary support in children (1,12).

The limitations of these techniques and the introduction of other devices that allowed

prolonged support in adults prompted their clinical application to larger pediatric patients

with success (13–15). But adaptation of adult support systems to larger children excludes a

substantial segment of the pediatric population that cannot accommodate larger devices.

The field of pediatric circulatory support will therefore likely focus in the years to come on

the development and refinement of ventricular assist devices (VADs) that are specifically

designed for smaller patients, allowing for prolonged mechanical assistance in neonates,

infants, and small children.

As the pathophysiology and medical management of pediatric heart failure is

detailed elsewhere in this textbook, we will mainly focus on the indications for device

implantation and outline the distinctive features and results of the different systems that

are currently clinically available.
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HEART FAILURE IN CHILDREN: SURGICAL INDICATIONS
FOR DEVICE IMPLANTATION

Pediatric patients who require ventricular assistance (either in isolation or in association

with the need for respiratory support) typically fall into one of three categories: (1) patients

without structural congenital heart disease, (2) patients with cardiac malformations that

require pre-operative recovery from respiratory or circulatory compromise related to their

specific structural anomaly, and (3) patients who necessitate ventricular and/or respiratory

support early or late after correction of cardiac malformations or staged palliation of

congenital heart disease. These diagnostic categories are outlined in Table 1.

It is difficult to assess to what degree each of these diagnostic groups (cardiomyopathy

and congenital heart disease) is represented in the cohort of children with heart failure that

requires ventricular assistance as bridge to recovery or transplantation.

Patients with congenital heart disease who require VAD implantation are usually

those who have undergone atrial switch operations for transposition of the great arteries,

older children and young adults with congenitally corrected transposition, or patients who

develop ventricular failure following staged palliation of univentricular heart disease.

Aside from the first two morphologic sub-groups, it is fairly rare to develop heart failure

and require transplantation in normally connected hearts with well-developed ventricles,

except for acute, irreversible failure shortly after biventricular repair.

With regards to the other major diagnostic group, the actual incidence of pediatric

cardiomyopathy (CM) is imprecisely defined because of variability in definition criteria

and etiological heterogeneity. The Pediatric CM Registry reported in 2001 an incidence of

0.6 CM cases / 100,000 children (age !18 yr) (16). Among these patients, 52% were

observed in patients of age !1 yr at the time of diagnosis (17).

The relative importance of the diagnostic group and age of pediatric patients

requiring heart transplantation has been more recently analyzed by the International

Society of Heart Lung Transplantation (18). When comparing age groups and the

indications for transplantation, CM increases as an indication for transplant from 29% in

neonates and infants to 62% in children between 11 and 18 yr of age. Conversely, the

diagnosis of congenital heart disease decreases from 65% to 37%. This and other studies

did not include those pediatric patients who expire while waiting for a suitable organ to

become available, and may indeed benefit from timely VAD implantation as bridge to

transplantation (19).

Table 1 Pediatric Cardiac Failure: Etiologic Groups (Acute and Chronic)

1. Cardiac failure in the absence of structural congenital heart disease

a. Myocarditis (idiopathic, viral)

b. Idiopathic cardiomyopathy (restrictive, dilated, hypertrophic)

c. Non-idiopathic cardiomyopathy

Inborn errors of metabolism

Ischemic (Kawasaki’s disease)

Post cardiac arrest (ventricular dysfunction)

Iatrogenic (chemotherapy, etc.)

Nutritional

2. Preoperative

3. Postoperative

a. Early (post-cardiotomy failure)

b. Late (after complete intra-cardiac repair or palliation)
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Aside from children who fail separation from cardio-pulmonary bypass, heart failure

presents in children with signs and symptoms that are similar to those observed in adult

patients. Dyspnea at rest or exertion is seen in the older pediatric population, while

tachypnea, tachycardia, poor feeding, and failure to thrive are frequently present in

neonates and infants. Prominent jugular veins, a gallop, hepato-splenomegaly, and

peripheral edema are often evident on physical examination. Chest X-ray will usually

disclose plethoric lung fields and an enlarged cardiac silhouette; imaging techniques,

cardiac catheterization, and histologic findings on endomyocardial biopsy further help

delineate etiology and severity of myocardial impairment (20).

Regardless of its underlying cause, progressive and/or untreated heart failure will

lead to clinical deterioration and ultimately compromise end-organ perfusion. Metabolic

acidosis, impaired mentation, and decreased urine output will then prelude to the

downward spiral of multi-organ system failure secondary to persistent cardiogenic

shock. Aggressive medical management with invasive monitoring and inotropic support

is often capable of reversing this clinical situation, allowing for stabilization

and possible bridging to recovery or transplantation. For those patients who fail to

respond, availability of VADs represents, in the interim, the only hope for long-term

survival (21).

Indications to proceed to device implantation are summarized in Table 2.

Although for older pediatric patients indications are similar to those that have been

established for adults, they still remain somewhat ill-defined in infants and small

children. In the latter group, severe exacerbation of congestive heart failure, malignant

arrhythmias, and acute hemodynamic decompensation should prompt aggressive

attempts at hemodynamic stabilization and immediate consideration of VAD

implantation. If at all possible, implantation should in fact be performed in a semi-

elective setting rather than in an emergent clinical situation on a rapidly deteriorating

patient. In case of rescue implantation in patients with profound hemodynamic

compromise, the potential for meaningful neurologic recovery must also be kept

in consideration.

Table 2 Indications for Ventricular Assist Device Implantation

1. Persistent CHF despite of maximized medical supportGIABP

2. Hemodynamic parameters (older children/adolescents)

a. SBP !90 mm Hg

b. PCWP O20 mm Hg

c. SVR O2000 dynes/sec/cm2

d. CI !1.8 L/min/m2

3. End-organ dysfunction

a. Decreased mentation

b. Increase in creatinine levels and azotemia

c. Progressive liver dysfunction

4. Inability to wean from cardio-pulmonary bypass after intra-cardiac repair

5. Recurrent malignant arrhythmias

Abbreviations: CHF, congestive heart failure; CI, cardiac index; IABP, intra-aortic balloon pump; PCWP,

pulmonary capillary wedge pressure; SBP, systolic blood pressure; SVR, systemic vascular resistance.

Source: From Dunnington G, Pelletier M, Reitz BA. Ventricular assist devices in children. In Yuh DD, Vricella

LA, Baumgartner WA, eds. The Johns Hopkins Manual of Cardiothoracic Surgery. New York: McGraw Hill.
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CHOICE OF VENTRICULAR ASSIST DEVICE

When implanted in the acute phase, VADs should ideally accomplish several goals:

separation from cardiopulmonary bypass and acute post-operative recovery, reversal of

systemic or pulmonary hypoperfusion, and restoration of end-organ function. In the

intermediate and long-term, ventricular assistance should be compatible with patient

mobility, functional and psychological well-being, and minimization of late complications

while waiting for myocardial recovery or a suitable allograft.

Currently available devices can be divided into three categories: (1) aortic

counterpulsation devices (intra-aortic balloon pump, IABP), (2) non-pulsatile assist

devices (ECMO, centrifugal and axial flow pumps), and (3) pulsatile assist devices.

Several factors must be kept in consideration when choosing which assist device

should be utilized for the individual pediatric patient. The patient’s clinical status

(emergent or semi-elective, post-cardiotomy) certainly plays an important role. In the

intra-operative setting, “acute type” modalities can be employed to bridge the patient to

potential recovery of myocardial function. Centrifugal pumps or ECMO (in case of

bi-ventricular failure or associated respiratory insufficiency) can be utilized in neonates,

infants, and smaller children. In larger children with cardiac (non-respiratory) failure, a

pulsatile device (i.e., Abiomedw) can be alternatively inserted in a single or biventricular

support configuration. In the acute setting, consideration should also be given to intra-

aortic counterpulsation as an additional form of myocardial support.

In cases in which chances of recovery appear remote and a prolonged wait on the

transplant waiting list is likely, insertion of or post-operative conversion to a device

designed for long-term support is indicated. For this purpose, a pneumatic positive

displacement pump is most commonly utilized; in older children or adolescents, some

centers have utilized axial flow pumps for bridging to transplantation as an alternative to

pneumatic VADs. Device choice must not only focus on the clinical situation of the

individual pediatric patient, but also on the level of expertise and experience of the center

in which the child is cared for.

To follow is an overview of the currently available VADs. Certain devices which

have been adapted to children with near-adult weight (such as Novacorw or Heartmate Iw,

for example) are discussed in detail elsewhere in this textbook. Figure 1 outlines a

proposed decision-making algorithm for the pediatric patient who fails medical

management.

SPECIFIC VENTRICULAR ASSIST DEVICES

Intra-aortic Balloon Counterpulsation

The IABP is the least invasive modality of ventricular assistance, with relative ease of

device insertion and removal, and proven clinical efficacy in adults with cardiogenic

shock (22). Although intra-aortic counterpulsation has been utilized with success in

smaller children and infants, (23–28) its most prominent role is in larger children with

post-cardiotomy or non-surgical heart failure. Neonates and infants will in fact usually

suffer bi-ventricular and, often, concomitant respiratory failure. For this age group, ECMO

is most typically indicated as first-line surgical support therapy.

The IABP device can be used as initial support system or as an adjunct to a VAD.

The device is introduced via the femoral (most commonly), external iliac, or axillary

artery. When inserted intra-operatively, the IABP can also be positioned in the proximal
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descending aorta directly through the ascending aorta. The balloon should be placed above

the diaphragm (Fig. 2) and is rhythmically deflated in diastole and inflated in diastole,

timed either by the electrocardiogram (triggered by the patient’s QRS complex) or by the

arterial pressure tracing. During diastole, inflation of the balloon increases afterload,

ameliorating diastolic coronary perfusion and myocardial oxygen delivery. In systole,

deflation of the balloon creates a “vacuum effect” in the descending aorta that effectively

lowers cardiac afterload, facilitating in turn left ventricular unloading and decreasing

myocardial oxygen demand. Furthermore, the pulsatility derived from the inflation-

deflation cycle provides improvement in splancnic perfusion (22,24,28,29). In cases of
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Figure 1 Decision-making algorithm for ventricular assist device implantation. Abbreviations:

CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; IABP, intra-aortic

balloon pump.
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biventricular failure, IABP may be beneficial in improving right ventricular function by

increasing right coronary artery perfusion, and by possibly reducing pulmonary vascular

resistance (30).

Several limitations to the use of IABPs are readily evident in pediatric patients. The

occurrence of femoral arterial complications must be carefully weighed against the rapid

deterioration in the child’s clinical condition and the need for ventricular support with

counterpulsation. Diminished efficacy of diastolic pressure augmentation has been

postulated as a consequence of the higher wall compliance of the pediatric aorta when

compared to that observed in adults; (31) however, this concept has been challenged

recently (28). The size and length of the balloon must also be considered. The balloon

should be at least 50% of the stroke volume of the individual pediatric patient

(approximately 0.5 cc/Kg of body weight) (32). Mesenteric, renal, and celiac arterial

occlusion by the balloon have been reported, and the length of device should ideally span a

distance between the left subclavian artery and the diaphragm (23). The smallest currently

available devices are delivered with a 4.5 French catheter, increasing in diameter to 7.0

French. Balloon volumes range from 2.5 to 20 cc, with available length and diameter

between 12.8 and 19.5 cm and 6 to 12 mm, respectively. Another technical limitation

observed in pediatric patients with high heart rates is the difficulty in triggering of IABP

inflation. For this reason, several centers are currently utilizing M-mode echocardiography

for appropriate timing of device inflation (33,34).

Outcomes of pediatric balloon counterpulsation reflect the gravity of the underlying

condition, with hospital survival below 60% in small series (23,27,28).

Figure 2 Intra-aortic balloon pump. The device is inserted in the proximal descending thoracic

aorta and is deflated during systole (left) and inflated in diastole (right). Source: Image courtesy of

Datascopew, New York, New York, U.S.A.
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Non-pulsatile Devices

Centrifugal Pumps

In the absence of concomitant respiratory failure, perfusion can be sustained by a

centrifugal pump. This is in fact one of the most common forms of support in cases of left

(LVAD), right (RVAD), or biventricular (BVAD) failure; given the need for intra-thoracic

cannulation, its role is almost always relegated to assistance in the immediate post-

operative phase. Prior to institution of support with a centrifugal pump, correctable causes

of post-operative severe ventricular dysfunction must be first thoroughly sought and

addressed if present. Residual shunts, obstruction, and coronary inflow are some of the

issues that, if unrecognized and not corrected, will make VAD implantation a futile effort.

In the post-cardiotomy phase, aortic and right atrial cannulae utilized during the procedure

can be simply connected to the circuit with minor technical modifications. In the intra-

thoracic access LVAD configuration (Fig. 3), inflow is established from the left atrium, by

cannulating either superior pulmonary vein, dome of the left atrium, or left atrial

appendage. The return line is in the distal ascending aorta. For right ventricular assistance,

similar cannulae connect the right atrium (via the right atrial appendage) to the main

pulmonary artery. In case of biventricular failure, conversion from cardiopulmonary

bypass to ECMO rather than to biventricular assistance might be simpler. In such instance,

moving the cannulation site altogether in the cervical region (as typically done for

Figure 3 Biventricular support with centrifugal pumps (RVAD/LVAD). Left atrial drainage is

achieved through the right superior pulmonary vein and arterial return is in the ascending aorta

(LVAD). The right ventricular (RVAD) support system is interposed between right atrium and

pulmonary artery. Source: From Ref. 32.
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non-cardiac ECMO), allows for removal of the aortic and right atrial cannulae with the

potential for better hemostasis and chest closure. ECMO requires, on the other hand,

higher levels of anticoagulation, has been associated with less favorable long-term

neurologic outcomes (35) and should be carefully considered as an alternative to

centrifugal pumps in the coagulopathic patient. In comparison to roller-pumps (most

commonly utilized in ECMO), centrifugal pumps are also less likely to cause

significant hemolysis.

During centrifugal support, a left atrial pressure monitoring line should ideally be

left in place to allow constant monitoring of the efficacy of decompression of the left-sided

chambers. Evidence of recovery is manifested by ejection seen on arterial tracing upon

weaning, coupled with amelioration of function and associated mitral regurgitation by

trans-esophageal or trans-thoracic echocardiography. Isolated left ventricular assistance

with centrifugal pumps has been utilized with success rates up to 70% after repair of

anomalous origin of the left main coronary artery (36,37). Hospital survival rates for post-

cardiotomy LVAD rescue of neonates and small infants (operative weight !6 Kg) are not

very different, although survival at one year post-support has been reported to be as low as

30% (38).

Extracorporeal Membrane Oxygenation (ECMO)

Since its first reported successful clinical application in 1971, (39) ECMO has been

utilized in children of all ages with excellent outcomes (40–42). This particular form of

assistance is designed to either support respiratory function or cardiac failure with or

without associated respiratory impairment. Severe respiratory failure represents the most

frequent indication that leads to the institution of ECMO, with well-consolidated results in

neonates and infants with meconium aspiration, (43) congenital diaphragmatic hernia,

(44–46) primary neonatal pulmonary hypertension, and various other forms of isolated

respiratory failure (40,47).

This particular type of non-pulsatile support is utilized also in pediatric patients with

biventricular or combined cardiac and respiratory decompensation after cardiac surgical

procedures, (48–50) as well as in infants and small children with primary cardiac failure,

bridging to either recovery or transplantation (21,51,52).

In its most typical configuration for cardiac support (Fig. 4), the ECMO circuit

incorporates a membrane oxygenator and utilizes veno-arterial bypass. Most commonly,

venous return is provided by a cannula advanced into the right atrium from the right

internal jugular vein. The arterial return line is placed into the right common carotid

artery, positioning the tip of the cannula towards the innominate artery. Venous drainage

is to a bladder-type reservoir, and propulsion across the membrane oxygenator is usually

accomplished with a roller pump. In cases of preserved ventricular function and isolated

respiratory insufficiency, veno-venous ECMO with a single dual-lumen cannula for both

drainage and infusion can be utilized. A heat exchanger and, possibly, a hemodyalisis

filter are interposed in the circuit as well. In acute post-cardiotomy failure, the right atrial

and ascending aortic cannulae utilized during the surgical procedure can be directly

connected to the ECMO circuit; consideration should also be given to decompression of

the left cardiac chambers with a septostomy (53,54) or an additional left atrial vent line

inserted in the circuit. An area of relative controversy in post-cardiotomy pediatric

ECMO is that of shunt management in neonates and infants who have undergone

placement of a systemic-to-pulmonary shunt as part of surgical palliation of congenital

heart disease. Some authors (32) favor gradual release of shunt occlusion to limit the

potential for pulmonary over-circulation, while others (55) maintain complete shunt
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patency and increase perfusion flows to assure adequate systemic perfusion in spite of

shunt runoff.

Although guidelines for anticoagulation vary between institutional protocols and

with the patient’s clinical condition and VAD flows, activated clotting time (ACT) is

usually maintained between 180 and 200 sec during ECMO support. Other coagulation

parameters (fibrinogen levels and prothrombin time) should be kept within normal range,

and platelet count should be above 100,000/mL.

Outcomes of cardiac and/or respiratory support with ECMO differ according to

indications and age group, rapidity of deployment of the system (56), and institutional

experience. The Extracorporeal Life Support Organization registry report of 2004

included almost 29,000 patients (40). Of these, 66% were neonates with respiratory

failure, with a 77% survival to hospital discharge. Hospital survival for children and adults

requiring respiratory support with ECMO was lower (56 and 53%, respectively). Survival

rates to discharge for patients with cardiac failure as an indication for mechanical support

with ECMO were 38% and 43% for neonates and children. Clinical experience with

ECMO for cardiac failure in adults has not been very promising thus far (57).

When ECMO is utilized in the post-operative phase after congenital heart surgery,

survival as high as 67% has been reported (49). In this particular sub-group, better outcomes

have been observed in patients who are not placed on ECMO from inability to wean from

cardiopulmonary bypass, but rather in those in whom this support modality is instituted

several hours after a period of meta-stability without hemodynamic collapse (58).

This concept has nevertheless been recently challenged by Goldman and coworkers,

who achieved a 64% hospital survival in patients identified as having reversible cardiac
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failure after satisfactory bi-ventricular repair, and in whom ECMO was instituted in the

operating room (59). Better outcomes have been observed in patients with normally

developed ventricles as opposed to those with univentricular heart disease (59,60). In a

review of 74 patients who required ECMO support after surgical correction or palliation of

congenital heart disease at the University of Michigan, (48) multivariate analysis identified

functionally univentricular heart disease and need for hemofiltration on ECMO as

significant predictors of adverse outcome.

Neurological complications, sepsis, and issues related to antigoagulation and

thrombosis pose a significant threat to the early and long-term outlook of pediatric patients

who require ECMO. Although the spectrum of possible neurologic outcome is quite broad

and quantifying neuro-cognitive outcomes in neonates and infants is inherently

challenging, the reported frequency of abnormal neuroimaging in pediatric patients on

ECMO is between 28 and 52% (61). Incomplete neurological recovery has been observed

in up to 10% of neonates and 30% of children at intermediate follow-up, (62) with early

seizure activity recognized as a prognostic indicator of lower scoring on neuro-

developmental testing at late follow-up (63).

Axial Flow Pumps

The two principal non-pulsatile devices that hold much promise in their application to

pediatric patients are the DeBakey VADw-Child (Micromed Technology, Houston, Tx)

and the Jarvik 2000w system (Jarvik Research Inc., New York, NY). Axial flow impeller

pumps are characterized by miniaturization, decrease in energy demand and excellent flow

characteristics, features that are particularly attractive in the pediatric patient (64). Both

Figure 5 Jarvik 2000w ventricular assist device. In the schematic illustration, the system is

inserted through a left thoracotomy between left ventricular apex and proximal descending aorta.

Source: Image courtesy of the Texas Heart Institute, Houston, Texas, U.S.A.

Vricella and Cameron672



devices are usually implanted in the LVAD configuration, either through a median

sternotomy or via a left thoracotomy. In the former approach, the device is interposed

between the left atrium or left ventricular apex and ascending aorta, while both systems

can alternatively be inserted through the left chest (Fig. 5) between the left ventricle and

descending aorta with or without the need for cardiopulmonary bypass (65). Implantable

axial flow pumps result in substantial hemodynamic changes, with narrowing of pulse

pressure and potential for peripheral vascular thrombosis, development of arterio-venous

malformations and left ventricular or impeller thrombus formation, underscoring the need

for very aggressive anti-coagulation (66,67).

The DeBakey VADw-Child ventricular assist device measures 30 mm!76 mm with

a weight of 94 grams. In the VAD chamber, the inducer/impeller is driven by a direct-

current magnetic motor stator that spins the impeller between 7500 and 12,500 RPM, with

flows of up to 10 liters/min (Fig. 6). The wide range of flows and the size of its components

(pump and inflow/outflow cannulae) make this device implantable in children with

body surface area (BSA) greater than 0.7 m2. The device is connected to a portable

controller with a percutaneous driveline. Of the first 9 pediatric implants (mean age 14 yr

and BSA of 1.64 m2) reported by Morales et al. in 2004, 5 were successfully bridged to

transplantation and the reminder died while waiting for a suitable donor (68).

The Jarvik 2000w VAD differs from other types of axial flow pumps in that the

impeller is inserted within the left ventricle through its apex, rather than being interposed

between inflow and outflow conduits. The device has been used with success in adult

patients (66,69,70) and has shown promising results in rare reports of its utilization in

pediatric patients (71). Retroauricolar power supply is currently being investigated as a

future modification of this particular device (72).

Pulsatile Devices

The clinical use of pulsatile para-corporeal pumps in adults has been widely reported, and

their utilization and success rates in children are increasing. These devices are typically

inserted in LVAD and/or RVAD configuration via a median sternotomy. Although the

Abiomed BVS 5000w VAD (Abiomed Inc., Danvers, MA) has been utilized for short-term
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Figure 6 DeBakey VADw-Child axial flow pump. Source: Image courtesy of Micromed

Technologyw, Houston, Texas, U.S.A.
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Figure 7 Thoratecw VAD. Schematic representation of Bi-VAD Thoratecw (A) and pneumatic

pump head (B). Source: Image courtesy of Thoratecw Laboratories, Pleasanton, California, U.S.A.

Figure 8 One-year-old child after implantation of biventricular Berlin Heart Excorw support

system for restrictive cardiomyopathy. Bridged to heart transplantation 178 days after implant at The

Johns Hopkins Hospital. Source: Photo courtesy of child’s parents.

Vricella and Cameron674



support in adults with good outcomes, it is not available in pediatric sizes, limiting its

application mainly to the post-operative rescue of older children with inability to wean

from cardiopulmonary bypass (71,73). This device is unique in that the para-corporeal

component is divided into a reservoir that is filled by gravity and a pneumatic chamber that

induces pulsatile device contractions. Similar size-related limitations apply to the

Thoratecw VAD (Thoratec Laboratories, Pleasanton, CA), designed for long-term support

(Fig. 7) (74). The largest reported study of pediatric patients (age !18) undergoing

Thoratecw VAD implantation included 101 patients with the lowest operative weight of

17 Kg. Seventy-six children survived to either transplantation (66 patients) or recovery of

myocardial function and device explantation (10 patients) (75).

Berlin Heart Excorw

The Berlin Heart Excorw (Berlin Heart, Berlin, Germany) paracorporeal pneumatic

system is perhaps the most versatile unit for uni- or bi-ventricular support available for

pediatric patients with cardiac failure. Its design is similar to that of the Thoratecw VAD,

but is manufactured in sizes that can support patients ranging in size from neonates to

adults (Fig. 8). The smallest pneumatic chambers have volume of 10 cc, making the device

suitable for patients with weight as low as 2.2 Kg. Blood flow is directed by polyurethane

tri-leaflet valves (Fig. 9), and anticoagulation is maintained with heparin or low-molecular

weight heparin and transitioned to maintenance with warfarin and anti-aggregant therapy.

Decrease in blood product transfusion requirements have been reported for this particular

VAD when compared to ECMO (76). The device has been widely utilized in Europe,

(77,78) and has been approved for compassionate use in the United States.

Figure 9 Berlin Heart Excorw. Pulsatile chamber (30 cc) after saline priming. Two polyurethane

valves are seen below inflow and outflow cannulae.
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Results in children undergoing support with the Berlin Heart Excorw VAD are

similar to those obtained with other pulsatile devices in adults, with an overall survival to

transplantation or recovery rates in excess of 70%, and with an 11% incidence of

neurologic complications. As in most reported series of patients undergoing implantation

of VADs, lower survival rates are observed in pediatric patients with diagnosis other than

myocarditis and CM (75). In a subgroup analysis reported in 2005, an increase in survival

to 70% has been reported in 18 patients younger than one year of age at device

implantation (79).

Medos HIA-VADw

The Medos HIA-VADw ventricular assist device is a pneumatic para-corporeal unit with a

design similar to that of the Berlin Heart Excorw, and has been utilized in limited series

(71,80–82). The system utilizes left ventricular chambers of 10, 25, or 60 cc and right

chambers of 9, 22.5 and 54 cc, making the device applicable to neonates as well as small

children (80). In 2002, several centers reported the combined experience with this

particular device, with a 36% overall survival rate in 64 pediatric cases (75).

CONCLUSIONS

In spite of the increase in complexity and number of cardiac surgical procedures and the

prevalence of cardiomyopathy, ventricular assistance in infants and small children remains

a major unaddressed need. Few devices are available for use in pediatric patients as bridge

to cardiac transplantation or recovery, while donor organs are scarce in this age group.

When irreversible cardiac failure occurs in children, prompt consideration should

therefore be given to assist device implantation, with VAD choice largely guided by

patient size, chance of myocardial recovery, and institutional expertise. Future efforts

should be directed to the refinement of systems that are specifically designed for small

patients, thereby limiting neurologic, infectious, and thrombotic complications.
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complications of, 322

device selection, 320–325

guidelines for, 323

patient selection, 308–324

randomized trials, 309, 313–314

sudden cardiac death, 305–308

Index686



[Implantable defibrillators]

prevention of, 308–320

Individual health care, barriers relating to,

526–527

Infections

cardiac transplantation and,

500–501

chagas disease, 500

cytomegalovirus, 501

hepatitis C, 500–501

Toxoplasma gondii, 501

Trepoema pallidum, 501

tuberculosis, 500–501

Inflammation

cardiomyopathy and, 155–162

statins, clinical trials and, 157–158
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