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Preface

Heart failure is a growing world-wide epidemic with a prevalence of more than 5 million
cases in the United States and 6.5 million cases in Europe. Epidemiologic data demonstrate
a rapid increase in its incidence during the past two decades. This trend is likely to continue
as the population ages. It is currently the most common hospital discharge diagnosis for
patients over the age of 65 years and accounts for substantial morbidity and high mortality.
Fortunately, major advances have occurred in our understanding of the cellular mecha-
nisms, pathophysiological abnormalities, nonpharmacologic therapy and surgical therapeu-
tic options for this syndrome during the past decade. This textbook focuses the most recent
developments in the pathogenesis, etiologic considerations, diagnosis, and treatment of
heart failure and has been written by internationally recognized physicians and scientists
involved on a daily basis in heart failure research and clinical care.

The authors’ aim is to provide an up-to-date and comprehensive review of the diagno-
sis and treatment of heart failure. The text is divided into five sections that concisely
summarize fundamental cellular and molecular bases for heart failure, its pathophysiology,
current invasive and noninvasive diagnostic techniques, pharmacologic advances and de-
vice-based therapy, surgical options, and evolving molecular therapies. The first section
focuses on the tremendous advances that have occurred over the last decade in our under-
standing of the basic mechanisms of heart failure. These discoveries have reshaped our
understanding of the basic causes of "the heart failure phenotype" and will allow us to
redesign therapeutic strategies for the treatment of this disease. These chapters specifically
focus on the genetics of dilated and hypertrophic cardiomyopathy, the role of hypertrophy
and apoptosis, beta-adrenergic receptor signaling, and excitation-contraction coupling ab-
normalities that contribute to ventricular dysfunction. In each of these chapters, the role
of new tools, such as microarray analysis, proteomics, and molecular imaging are detailed.

The second section summarizes recent insights into the activation of vasoconstrictor
and vasodilator pathways, including a host of crucial neurohormones and cytokines. Is-
chemic left ventricular remodeling, cardiomyopathies of the adult, and diagnostic and
etiologic considerations in diastolic heart failure complete this section.

The third section summarizes current diagnostic methodologies and nonsurgical
treatment options. Prognostic markers including brain natriuretic peptides (BNP) are high-
lighted. Recent pivotal multicenter clinical trials that have evaluated the therapeutic effi-
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cacy of beta-adrenergic blockers, angiotensin-receptor antagonists, aldosterone antago-
nists, and endothelin antagonists are included. Indications and intermediate-term outcomes
for cardiac resynchronization therapy are highlighted. National practice guidelines for
heart failure management from the American Heart Association, American College of
Cardiology and the Heart Failure Society of America are also critically reviewed.

Despite the tremendous success of contemporary pharmacologic treatment, heart
failure remains a progressive disease and the fourth section of the book focuses on the
growing variety of surgical options that are now being adopted for its treatment. The
expanding indications for coronary revascularization and mitral valve repair are summa-
rized. Newer ventricular remodeling procedures, such as the Dor procedure and external
cardiac restraint devices, are reviewed. The contemporary role of cardiac transplantation,
outcome of outpatient left ventricular circulatory support, and the current status of total
artificial heart devices are included.

The next generation of therapies will unquestionably be directed at molecular targets
in the failing myocardium. The last section includes viral-based gene therapies to restore
depressed myocardial contractility, and both stem cell and nonstem cell cellular transplan-
tation techniques designed to repopulate the failing left ventricle. Ongoing advances in
vector and stem cell technology, cardiac cell and gene delivery, and, most importantly,
our understanding of heart failure pathogenesis, encourage consideration of molecular
therapies for heart failure. At the present time, strategies that enhance sarcoplasmic calcium
transport, are supported by substantial evidence in both cardiomyocytes derived from heart
failure patients and animal models. Initial studies evaluating other novel targets appear
promising but have not been as fully evaluated. In ongoing efforts to target cardiac dysfunc-
tion, gene and cell transfer provide an important tool to improve our understanding of the
relative contribution of specific pathways. Through such experiments, molecular targets
can be validated for therapeutic intervention whether pharmacologic or genetic. However,
translating these basic investigations into clinical gene therapy for heart failure remains
a formidable challenge. The last section of this book will closely examine the problems
and hope for these novel strategies. Nevertheless, practical advances and our growing
understanding of the molecular pathogenesis of heart failure provide reason for cautious
optimism.

This book will be of particular interest to clinical cardiologists and primary care
specialists involved in the daily care of patients with ventricular dysfunction and symptom-
atic heart failure. Physician-scientists will also find it useful for integrating mechanistic
laboratory observations with recent clinical advances. Finally, it should appeal to cardio-
vascular surgeons whose clinical or research interests involve nonpharmacologic treatment
of the failing ventricle. Despite the marked increase in heart failure prevalence, there are
many reasons for optimism that more accurate diagnosis and more individualized, disease-
focused treatment strategies will soon be available. The scientific and clinical approaches
to heart failure management are undergoing dramatic evolution; physicians and surgeons
who care for such patients will benefit from the insights provided into current and future
therapies available in this text.

G. William Dec
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1
The Genetics of Dilated and Hypertrophic
Cardiomyopathies

Calum A. MacRae
Cardiology Division and Cardiovascular Research Center
Massachusetts General Hospital
Boston, Massachusetts, USA

The advent of cardiac catheterization and echocardiography changed the landscape of
cardiovascular disease. The ability, in routine clinical practice, to objectively assess coro-
nary or ventricular anatomy and to define cardiac physiology led to the reclassification
of many conditions [1,2]. Pathological studies had characterized ventricular dilatation and
hypertrophy as distinctive adaptive responses of the myocardium to volume or pressure
overload, respectively [Figure 1]. These processes were thought of as initial homeostatic
responses that led to maladaptive physiology, and ultimately heart failure. The application
of new diagnostic tools enabled systematic studies of the natural history of myocardial
disease. In many instances there was no evidence of an antecedent valvular lesion or
myocardial injury[2,3]. These early descriptions of cardiomyopathy also recognized famil-
ial cases, and the concept of primary myocardial disease emerged. Despite these insights,
the majority of heart failure cases were still felt to result from occult acquired insults.

The last decade has seen an explosion in the application of genetic approaches to
the study of cardiomyopathy. This work was fueled by the promise of identifying the
causal genes underlying these primary forms of myocardial dysfunction. Using human
and model system genetics, tremendous strides have been made in our understanding of
the pathophysiology of both ventricular dilatation and hypertrophy. Although molecular
diagnostics have not yet had an impact on day-to-day practice, the interdependence of
clinical cardiology and molecular genetics is already evident. This chapter will discuss
the relationship between clinical investigation and molecular genetics, emphasizing the
role of current knowledge in the diagnosis and management of adult cardiomyopathies.

GENETIC METHODS

In any disease the presence of a major genetic effect has implications, not only for molecu-
lar studies of the etiology of the disorder, but also for the design and interpretation of
studies of its diagnosis and management. These clinical inferences are often relevant long
before the intricacies of the molecular pathways are understood. To place the clinical and
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Figure 1 The classic view of HCM and DCM as discrete biological pathways has been
challenged by recent molecular genetic studies, although the physiologic profiles are clearly
distinct. Hypertrophy is known to progress to dilatation in many situations, including in some
familial cardiomyopathies. However, a single mutation in different individuals within the
same family may cause hypertrophy or dilatation, as a result, it is presumed, of genetic
or environmental modifiers. Understanding the mechanisms favoring the development of
hypertrophy or dilatation will help in the dissection of acquired forms of ventricular remod-
eling.

molecular insights in context, some background on the vocabulary and techniques used
in genetic analysis is necessary [see Table 1].

Familial Aggregation

In some instances the genetic nature of cardiomyopathy is obvious, whereas in many cases
the symptomatic individuals represent only a subset of those with the underlying trait.
Large families with a clear family history of the disease may be the exception rather than
the rule, even when a condition is highly heritable. The expression of the phenotype may
require additional genetic or environmental factors, or may vary stochastically [Fig 1].
To gain an objective sense of how important genetic factors might be in any given form
of heart disease, systematic studies of familial aggregation and lineal transmission are
necessary[4]. There are several ways of crudely estimating the degree of heritability, the
most common of which is the simple sibling recurrence risk. Detailed assessment of the
mode of inheritance and magnitude of any heritable component requires more complex
segregation analysis using multiple families. The genetic basis for hypertrophic cardiomy-
opathy (HCM) was obvious from simple inspection[3,5,6], but these types of analysis first
suggested a large heritable contribution to dilated cardiomyopathy (DCM)[7].

Genetic Linkage

Genetics has proven a powerful tool to define causal mechanisms in biology, not because
of some unique property of DNA, but rather because of the magnitude of the underlying
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Table 1 Basic Genetic Terminology

Allele—Any one of the sequence variants of a particular gene.
Genome—The complete DNA sequence of an organism.
Haplotype—A series of sequence variations that are linked together on a single chromosome.
Introns and exons—Genes are initially transcribed as continuous sequences, but only some segments

(the exons) of the resulting messenger RNA molecules contain information that encodes the gene’s
protein product. The intervening regions between exons (the introns), are excised (or spliced) from
the RNA to generate the final RNA from which the protein is translated.

Messenger RNA—Following the initial transcription from a gene of a continuous RNA molecule, this
molecule is then processed in a number of ways, including splicing, to generate the final messenger
RNA, which is then translated by the cells machinery into a protein.

Mutation—Any variation in sequence from a reference state.
Phenotype—The complete set of characteristics of an organism, including morphology and function.
Proteome—The complete repertoire of proteins encoded by a genome.
Single nucleotide polymorphism (SNP)—Most of the variation in DNA sequence between individual

members of a population is the result of changes in single nucleotides. These polymorphisms are
known as SNPs.

Transcription—The copying of a gene’s DNA into RNA.
Translation—The synthesis of a protein from the information encoded in a messenger RNA.

effect and the segregation of genes through families[8]. In many situations where disease
genes have been cloned, the risk to first-degree relatives is several hundred times greater
than in the general population. The theory behind proving causality using genetics parallels
Koch’s postulates in infection–another situation in which an abnormal genome is responsi-
ble for disease. If there is a large genetic effect, given the way in which DNA is transmitted
to the next generation, it is possible to define a segment of mutated DNA that when
inherited is sufficient to cause the phenotype in question. This specific segment of DNA
can potentially be isolated, and be shown to be distinct from the normal sequence at that
location. Finally, the mutated gene, if introduced into a normal organism, should be capable
of causing the disease phenotype. Clearly the literal fulfillment of these criteria is not
feasible in humans, but the methods of human molecular genetics allow very similar logic
to be applied [see Table 2].

If the DNA of family members can be screened for segments of the genome that
are consistently transmitted with the phenotype, then the causative gene can be mapped.
The development of panels of informative markers, polymorphic between individuals,
made such genetic linkage analyses possible. These anonymous markers allow individual
DNA segments to be followed as they pass through a family, defining their relationship
(or lack of relationship) with disease. Using a panel of markers that ‘‘scans’’ the entire
genome, even in a single large family with a given genetic disease, it is possible to define
a minimal location for the disease, and ultimately to identify the causal mutation[9]. The
passage, or segregation, of a phenotype through a single lineage is the hallmark of a
genetic trait [4]. Segregation also allows other features which track with this phenotype to
be identified, informing the investigator about relationships between apparently unrelated
clinical findings (Figures 1 and 2) [10].

Clinical Diagnosis and Genetic Mapping

It is impossible to separate human molecular genetics from clinical assessment. A final
chromosomal disease interval is defined in terms of recombinants, i.e., individuals whose
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Table 2 Criteria for Defining a Causal Mutation-Discrimination from a Polymorphism

I. The “mutation” should segregate perfectly with disease.
The sequence anomaly must be present in all the affected individuals and absent from all the

unaffected individuals. Ideally two independent means should be used to confirm that this is the
case. The best statistical support for this segregation is a LOD or logarithm of the odds score (also
used in anonymous mapping studies), which estimates the likelihood of random cosegregation as
a function of the number of informative events.

II. The “mutation” should not be present in a normal population.
Rare polymorphisms may be overrepresented in any given large family. These polymorphisms may

have functional significance, yet not be responsible for disease. For example, null alleles have been
described for many genes including that encoding the cardiac beta myosin heavy chain, but when
present in the heterozygous state may be of no import. It is necessary to screen a large normal
population for any putative mutation to ensure that it is not simply an incidental polymorphism.

III. The “mutation” should effect substantial change on the gene sequence.
There should be indirect evidence that the mutation will have a biological effect. This may be obvious

for some mutations that disrupt the sense of the entire coding sequence of the gene. Other
mutations will have more subtle effects, changing only a single amino-acid residue. The
confirmation of these substitutions as disease-causing may require additional studies, such as
comparative sequence analyses (with the same gene in other species, or similar genes in the same
species, to see if a particular residue is highly conserved), in vitro structure function analysis or in
vivo genetic analyses.

IV. The introduction of the “mutation” should be sufficient to cause disease.
There should be direct evidence that the mutation has a biological effect. The ultimate proof of

causality lies in the demonstration that the simple addition of the mutation is sufficient to
recapitulate the disease. This is usually done in genetic model organisms, but the specific knock-
in of a point mutation (the most common mutations in human disease) is rarely performed. Often
a causal role is inferred from transgenic expression of a mutant gene, or from knock-out of the
gene. The demonstration of disease in association with a de novo mutation in humans is the logical
equivalent.

phenotypes and genotypes are discordant due to inferred recombination between the marker
and the disease-causing mutation. The definition of recombinant events is, thus, completely
dependent on the clinical phenotype[8,9]. Given the central role of the phenotype in map-
ping and cloning a disease gene, it is conventional to adopt conservative criteria for assign-
ing positive and negative affection status in human molecular genetics. It is better to define
an individual as unknown than to attempt molecular studies with the wrong diagnosis.
The need to exclude many equivocal family members has restricted positional cloning
efforts to very large kindreds with highly penetrant forms of disease. The closer a genetic
marker is to the disease-causing mutation the fewer recombinants are evident at that
marker, until ultimately the disease-causing mutation itself should segregate perfectly with
the phenotype.

Positional Cloning

Once a minimal disease interval has been defined by genetic mapping, the techniques of
positional cloning are used to identify all the genes within this interval and to screen these
genes for mutations[8]. The ability to grow, in yeast or bacterial artificial chromosomes,
long segments of as many as several hundred thousand base pairs of human DNA, allows
large stretches of a human chromosome to be cloned in an overlapping set of such segments.
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This ‘‘contig’’ of human DNA clones can then be manipulated, and, eventually, sequenced
to define the disease gene. Importantly, the cloning of the mutated gene does not require
any a priori assumptions regarding the mechanism of disease. This lack of dependence
on previous hypotheses has resulted in the discovery of truly novel pathways, and is
particularly powerful in complicated disorders with multiple manifestations[11]. The re-
cent completion of the Human Genome Project ensures that no matter how large the final
disease locus, it is possible to rapidly identify the genes within the final interval[12]. This
has expedited the cloning of disease genes, and broadened the scope of positional cloning
projects to include progressively smaller families with less penetrant diseases [13].

Genetic Association Studies

Not all phenotypes segregate in large families, so other genetic techniques have been
developed that do not use transmission probability, but instead rely on simple association
of genotypes with phenotypes within a population[4,14]. These studies are qualitatively
different from linkage analyses and have proliferated in recent years[15,16]. Genetic asso-
ciation studies have many limitations[17,18]. By their nature they are biased in favor of
small population-wide effects, so that in the face of heterogeneity even major genetic
effects might be missed. A second major problem is population stratification, which results
in spurious association of a polymorphism with disease, simply because both the disease
and the unlinked sequence variant are found in the same population subgroup. This can
be partly addressed by replicating the findings in large study cohorts drawn from geneti-
cally distinct populations. The prior probability that any observed effect is a result of the
specific polymorphism(s) studied is usually extremely low, resulting in an unacceptably
high false-positive rate (through Bayesian inference). Importantly, because of the absence
of segregation information inherent in these studies, it is also impossible to causally relate
specific variants to a phenotype. The phenotype in question may result from variations in
linked genes, in so-called dysequilibrium with the tested polymorphism. These issues
would, at least in part, be dealt with by using extended haplotypes of markers in large
populations. The overall consensus remains that genetic association studies may be ex-
tremely difficult to interpret, even when carried out in an exemplary fashion.

Locus and Allelic Heterogeneity

Our ability to distinguish discrete pathologic processes, and to undertake genetic analysis
of these phenotypes, is limited by the resolution of current diagnostic techniques. Mutations
in many different genes may give rise to very similar phenotypes, a phenomenon known
as genetic heterogeneity. This situation is compounded by the fact that inherited cardiac
conditions often result in premature mortality, so founder mutations are rare. Virtually
every HCM family with mutations in a specific sarcomeric contractile protein has a differ-
ent mutation (so-called allelic heterogeneity)[11]. This degree of heterogeneity also exists
for most other Mendelian cardiac conditions[19]. Importantly, subtle differences between
the clinical manifestations of different mutated genes may not be detectable until genetic
studies have been completed [19] and ‘‘pure’’ populations studied.

Modifiers of Simple Traits

Any clinician who has cared for families with monogenic forms of cardiomyopathy has
been struck by the range of clinical manifestations seen within a single family, in which
the primary genetic abnormality is identical in each affected individual. While some of
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this variable expressivity represents our limited understanding of the phenotype itself,
some of the variation is the result of modifier genes or of environmental factors[20]. The
discovery of such modifier loci or environmental agents is a major focus of current re-
search. If we cannot discern these modifiers in the context of a simple disease caused by
a single major gene, we will have tremendous difficulty understanding those conditions
where multiple genes interact[4,14].

USING GENETICS IN CLINICAL PRACTICE

Genotypic information is not yet of any utility in patient management. However, clinical
genetic analyses may contribute to patient care long before the genes for all the inherited
cardiomyopathies have been cloned. The application of clinical genetic principles in the
diagnosis and management of inherited heart disease will be outlined before details of the
molecular basis of specific disorders are discussed.

Family-Based Diagnosis

The presence of a definitive diagnosis of HCM or DCM in a first-degree relative dramati-
cally changes the implications of any cardiovascular evaluation. Thus, minor EKG (electro-
cardiogram) abnormalities are viewed in a different light in the context of a family history
of HCM [21]. In some cases, the definitive diagnosis in a particular patient is only clear
from the integrated evaluation of multiple individuals within the same family. This is
increasingly recognized in families in which several ‘‘discrete’’ phenotypes, such as DCM
and arrhythmogenic right ventricular cardiomyopathy, cosegregate. Only the complete
evaluation of an entire kindred would allow these important features to be detected. The
ethical implications of family-based diagnosis remain to be fully explored, but informed
consent is critical if the data from multiple individuals are to be collected.

Diagnosis–History

The history often offers evidence that the presenting condition results from an inherited
diathesis. Patients with cardiomyopathy may have had subtle evidence of disease from an
early age. Functional limitations are often attributed to respiratory illnesses, but it is usually
possible to discern other features of the underlying disease. Comparison of exercise capac-
ity at various ages with that of peers is useful in the evaluation of symptoms such as
muscle pains or syncope. The presence of other premature medical disorders suggests
specific conditions [see Tables 3 and 4].

A comprehensive family history is an integral part of every patient encounter, but
is particularly important in the diagnosis and management of adult cardiomyopathies. In
addition to defining the basic structure of the family, it is vital to define in as much detail
as is possible any cardiac conditions (or even potential cardiac conditions) in first-or
second-degree relatives. Probands will often be unaware of subtle distinctions between
cardiac diseases, and many affected relatives of patients with cardiomyopathy may have
been mislabeled with other cardiac conditions such as valvular heart disease or myocardial
infarction. Once the basic family structure is defined and an overview of any inherited
traits is obtained, the actual symptoms, ages of onset, specific treatments (e.g., diuretics,
pacemakers, ICDs [implantable cardioverter defibrillators] , surgery), and modes of death
for every member of the nuclear family should be elicited. Specific enquiry regarding
extracardiac phenotypes, including skeletal or other myopathies, peripheral sensory or
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Table 3 Adult Dilated Cardiomyopathy Loci

Mode of Specific clinical
Locus inheritance Disease gene features References

1q21 CDDC-1 AD Lamin A/C AVB, LGMD, 47
CMT

1q31 CMD-1D AD Cardiac troponin T 55
2q14–22 CMD-1H AD Unknown 79
2q31 CMD-1G AD Titin 80
2q35 CMD-1I AD Desmin RCM, Inclusion 81

myopathy
3p21 CDDC-2 AD Unknown AVB, ARVC 46
4q12 AR �-sarcoglycan 82
5q33 AD/AR �-Sarcoglycan 83
6p24 AR Desmoplakin ARVC, Wooly 84

hair
6q12-16 CMD-1K AD Unknown Possibly allelic 85

with AFib
6q22 AD Phospholamban 86
6q23 CDDC-3 AD Unknown AVB, LGMD 87
6q23-24 AD Unknown Sensorineural 88

hearing loss
9q13 AD Unknown 89
10q21-23 AD Unknown Possibly allelic 90

with AFib
11p15 CMD-1M AD Cardiac LIM 56

protein
11p11 AD MYBP-C 91
14q12 AD �-Cardiac myosin 55

heavy chain
(MYH7)

15q14 AD �-cardiac actin Cosegregating FHC 53
19q13 AD Myotonin Anticipation, AVB, 26

arrhythmia
Xp21 X-Linked Dystrophin 48
Xq28 X-Linked Emery-Dreifuss AVB, humeroperoneal 51

MD

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; AVB, atrioventricular block; MYBP-C,
myosin binding protein-C; LGMD, limb girdle muscular dystrophy; CMT, Charcot-Marie-Tooth; RCM,
restrictive cardiomyopathy; AFib, atrial fibrillation; FHC, familial hypertrophic cardiomyopathy; MD, muscular
dystrophy.

motor neuropathy, and premature diabetes or liver disease is recommended. On many
occasions, a family history is not appreciated, simply because the potential connection
between different phenotypes is not explicitly considered [22].

It is important to remember that other apparently unrelated disorders or events may
represent formes frustes of the same primary abnormality [Fig 2]. Thus, for example, atrial
fibrillation in a young relative of a patient with cardiomyopathy is likely a manifestation
of the same gene defect, and an unexplained motor vehicle accident may represent an
undetected sudden death[23]. The family history also allows some sense of the mode of
inheritance to be obtained [Figure 2]. A careful family history must also be a prominent
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Table 4 Hypertrophic Cardiomyopathy Loci

Mode of Specific
Locus Inheritance Disease Gene Clinical Features References

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; PRKAG2, adenosine monophosphate
activated protein kinase gamma-2 subunit; MYBP-C, myosin binding protein-C; MYH, myosin heavy chain;
PAP, papillary; AVB, atrioventricular block; WPW, ventricular preexcitation; DCM, dilated cardiomyopathy;
RCM, restrictive cardiomyopathy.

1q31

3p

7q36

9
11p15
11p11
14q12
15q14
15q22
19q13
20q13

AD

AD/AR

AD

AR
AD
AD
AD
AD
AD
AD
AD

Cardiac troponin T

Myosin light chain 3 kinase

PRKAG2

Frataxin
Muscle LIM protein
MYBP-C
MYH7 and MYH 6
�-cardiac actin
�-Tropomyosin
Cardiac Troponin I
Myosin light chain kinase

Hypertrophy may be less
marked

Mid-cavity/PAP muscle
hypertrophy

Glycogen storage AVB,
WPW

Ataxia

Often later onset disease

Cosegregating DCM

Cosegregating RCM
Mid-cavity/PAP muscle

hypertrophy

92

70

71

78
93
94
66
69
92
95
70

feature in any follow-up visits. Patients will often have gleaned additional family history
from interactions with relatives since the initial patient encounter. Indeed, empowering
the patient to obtain such information should be a goal of the initial encounter.

Diagnosis–Clinical Evaluation

The physical examination and subsequent clinical investigation of any cardiomyopathy
patient are also heavily influenced by the genetic basis of the major syndromes. The
examination should look for general morphological abnormalities, such as facial or other

Figure 2 Only the systematic assessment of family members of affected probands reveals
the true genetic architecture of a syndrome that may be very homogeneous as in some of
the cardiomyopathies, or highly heterogeneous as in this example from a study of atrial
fibrillation.
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dysmorphism, midline defects, cutaneous anomalies, or the typical features of disorders
such as myotonic dystrophy[24]. Several forms of cardiomyopathy are associated with
myopathy involving extraocular muscles, the limb girdles, or other muscle groups. The
evidence of a skeletal myopathy may be subtle, such as a mild scoliosis or distorted pedal
architecture. Finally, it is important to also exclude tendon contractures, ataxia, peripheral
neuropathy, or other neurological disorders. Cardiomyopathy is by definition a diagnosis
of exclusion, and potentially reversible specific heart muscle diseases, such as coronary
artery disease, glycogen storage disorders, hemochromatosis, and dysthyroid heart disease
should be formally eliminated[25].

Once appropriate permission has been obtained, objective data from other family
members are extremely helpful in the diagnosis and management of adult cardiomyopa-
thies. The direct examination of at-risk family members often will be useful in making a
diagnosis in equivocal cases. Pathognomonic components of the phenotype, including
extracardiac features, may only be present in a limited subset of the family. Objective
phenotypic assignment is especially helpful in inferring the mode of inheritance[24]. Evi-
dence of any mode of inheritance other than an autosomal dominant trait substantially
changes the differential diagnosis in any cardiomyopathy [see Tables 3 and 4]. Mitochon-
drial inheritance is usually seen in the context of left ventricular hypertrophy, X-linked
and recessive syndromes are most often seen with DCM, but Friedreich’s ataxia is also
recessive. Progressive changes in the severity of a phenotype from one generation to
the next, known as anticipation or reverse anticipation depending on the direction, are
characteristic of triplet repeat expansion disorders such as myotonic dystrophy[26]. The
study of extended families offers a unique opportunity to investigate patient cohorts with
homogeneous etiologies[27]. In a family with a highly penetrant Mendelian disease, an
identical etiology may reasonably be inferred for each affected individual, and the key
features of the specific disorder evaluated in exquisite detail. The potential of even a
moderate-size family for molecular genetic analysis is changing rapidly, and referral to
specialized centers for such studies should be considered[25,28].

Prognosis

The remarkable range of clinical outcomes, even within a single kindred, plagues the
clinical management of both DCM and HCM[29–31]. There are families in which multiple
members have died suddenly or required transplantation, and others where the disease is
little more than an incidental echocardiographic finding. Initial studies of the presentation,
natural history, and clinical physiology of the cardiomyopathies were based on highly
selected series from large national referral centers. Subsequent series from regional centers
have attempted to redress the balance. However, the major biases implicit in inherited
disease have not been addressed in most studies. Without knowing the extent to which
individuals (particularly phenotypic outliers) are related, or the contributions of specific
families to the overall cohort, it is impossible to begin to interpret even simple studies.

The identification of the underlying gene defects led to the hope that molecular
diagnostics would revolutionize risk stratification. Preliminary work has suggested that
specific mutations may be associated with high rates of adverse outcome, but these studies,
by necessity, include multiple members from each family. Contradictory results have
emerged from both clinical and molecular studies[32,33]. The extent of genetic heterogene-
ity, the large size of the genes involved, and the high rates of new mutation have slowed
the arrival of genotype-phenotype studies based on serial probands. Understanding the
distinctive contributions of the primary mutation, familial modifiers, and therapeutic inter-
ventions will require novel statistical methods for extracting information from extended
families[20,34].
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In the absence of rigorous techniques to attribute risk to specific mutations, the
effect of the same mutation in different generations of the same family remains a reasonable
(albeit imperfect) index of the likely natural history of the disease, and of the prognosis
in an individual patient. Family members share not only the same causative mutation but
also much of the genetic background, environment, and experiences. A complete family
history and evaluation offers a sense of the range of expressivity of a particular genetic
defect. It may be difficult to get an overview of how a condition behaves in a small family,
but in larger kindreds clear patterns of natural history sometimes emerge. It is usually
possible to assess the penetrance, any major effects of gender, and other features such as
anticipation in larger families. At the very least, these data are helpful in genetic counseling
of potential parents.

The integration of these imperfect family data with similarly skewed results from
heterogeneous clinical cohorts is, unfortunately, the current state of the art. Dogmatic
overinterpretation of both types of data is widespread. In most instances, the disparate
results seen between studies reflect the underlying etiologic heterogeneity of the study
cohorts as much as any true biological differences. Large series of probands are being
genotyped by several groups, but the routine clinical use of genotyping will have to await
new sequencing methods[35]. The rate of new mutations and the fact that modifiers may
significantly affect risk are also stimulating novel approaches to defining prognosis using
proteomics or functional assays.

Asymptomatic affected relatives are another group that might benefit from screen-
ing[28]. The risk of complications, including death, is not clearly related to symptoms.
There are therapies for both DCM and HCM, some of which are proven to reduce mortality.
Systematic screening has been recommended for prognostic reasons in ‘‘at-risk’’ asymp-
tomatic relatives of probands with both DCM and HCM[25]. Although there are no objec-
tive data to support any form of screening, if undertaken in specialist centers with appropri-
ate counseling, it is reasonable in the context of active research programs.

Management

The management of the cardiomyopathies has also proven difficult to study empirically.
Once again the literature contains many equivocal or contradictory studies, and consensus
is often lacking. This situation reflects the rarity of many of the conditions, aggregation
of heterogeneous populations, and ultimately the failure to deal with familial confounders.

In the face of these uncertainties, clinical decisions must be based on what limited
information is available, and, as previously outlined, much of that information is likely
to come from the extended family of the patient. Management strategies often must be
tailored to the individual family, and their previous experiences with the disease. For
example, despite the lack of support from randomized controlled trials, it is difficult not
to implant an ICD in an affected young adult whose siblings have died suddenly from
HCM. The history of any disease within an extended kindred is usually firmly embedded
in the family psyche, and this may also require management approaches that extend far
beyond the individual patient. Family meetings and counseling have a role, and involve-
ment with a research group with long-term positive goals can be extremely helpful in
engaging individuals who may have withdrawn from dealing with their disease.

SPECIFIC DISORDERS–DILATED CARDIOMYOPATHY

Definitions and Clinical Features

The diagnostic criteria for DCM have evolved little since the earliest definitions of idio-
pathic cardiomegaly were first proposed as the exclusion of ischemic or valvular causes
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of heart failure became possible[2]. The most evolved current definition of DCM dates
from a NIH (National Institutes of Health) conference, and highlights the lack of positive
diagnostic features[36]. Despite being ‘‘a diagnosis of exclusion,’’ several key attributes
of the syndrome are remarkably consistent across a wide variety of studies. The histological
abnormalities seen are almost invariably those of a myocardial dystrophy, with rather
patchy myocyte drop-out, inflammatory infiltrates and hypertrophy of remaining myocytes.
There are several typical modes of clinical presentation including an acute left ventricular
failure syndrome in younger adults, often associated with an upper respiratory prodrome,
classic congestive biventricular heart failure, and sudden cardiac death[37]. Increasingly,
individuals with asymptomatic left ventricular dysfunction are recognized. Interestingly,
the families of probands with overt DCM are enriched not only for DCM, but also for
asymptomatic borderline left ventricular enlargement or depression of contractile shorten-
ing[38]. These phenotypes are presumed to represent formes frustes of DCM in carriers
of the mutant gene. There is evidence that these individuals have active myocardial disease,
and that some progress to DCM, but the precise relationship to overt DCM remains un-
clear[39].

The possibility that some subtle phenotypes represent early forms of DCM is particu-
larly attractive in the context of the evidence from randomized controlled trials for the
efficacy of several drug regimens in asymptomatic left ventricular dysfunction[40]. These
data, combined with the need to identify gene carriers in the genetic analysis of any
pedigree, have led to the evolution of less stringent diagnostic criteria for the diagnosis
of DCM in the context of a family history[41]. Several extracardiac phenotypes are known
to be associated with DCM, and may prove more reliable than subtle cardiac criteria for
the diagnosis of gene carriers. It is important to remember that while these criteria may
be useful for specialized clinical or molecular studies, they have not been validated for-
mally. Long-term studies of these subclinically affected family members have also de-
scribed a substantial number of individuals whose echocardiograms revert to normal[42].
The concept is emerging of a genetically determined predisposition to DCM, in the context
of a range of common myocardial insults. The variability of progression to overt cardiac
disease may be the result of distinctive environmental exposures, modifier genes, or other
unknown stochastic factors. In any event, it is clear that the data available at present do
not allow easy prognostication from any specific subclinical marker. Hopefully, as our
understanding of the etiology of DCM increases, the mechanism for these variations will
be uncovered, and it will prove possible to identify those who will develop clinically
significant disease, and to institute appropriate preventive measures.

Etiology of DCM

As a consequence of several clinical and pathological features of the disease, a large
proportion of DCM was thought to represent the sequelae of previous viral myocarditis[43].
Many cases present with a history of upper respiratory tract symptoms or a vague systemic
inflammatory prodrome, and there are often patchy inflammatory infiltrates in myocardial
biopsy specimens. Although viral myocarditis undoubtedly may result in persistent ventric-
ular dysfunction, the process is usually associated with reversible abnormalities. Further,
there is evidence that even when associated with such an acute prodrome, DCM is the
result of a process that has been active for many years, suggesting that this symptom
complex is secondary, perhaps to pulmonary or hepatic congestion[44]. Several drugs and
other environmental toxins, including alcohol, are known to cause cardiomyopathy through
a variety of mechanisms. Similarly, specific nutritional deprivations, such as selenium
deficiency or beriberi, occasionally cause heart failure. Autoimmune diseases have been
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reported to cluster with DCM, and circulating autoantibodies are found in many patients,
but primary immunological abnormalities have been difficult to identify[45]. It was in the
context of such conflicting hypotheses that genetic studies became attractive.

Clinical Genetics

Even in the earliest descriptions of DCM, an inherited basis was suspected from the
occasional observation of extended families. Michels and colleagues studied the role of
genetic factors in DCM by systematically evaluating the first-degree relatives of probands
with DCM for evidence of the same disease[7]. There was signs of DCM in 25% of at-
risk first-degree relatives. Subsequent work from other investigators has confirmed the
prevalence of DCM in relatives and demonstrated that when subtle subclinical phenotypes
are included up to 40% of DCM probands have affected relatives[38]. These findings, in
the context of the successes of positional cloning approaches in HCM and other syndromes,
led to an explosion in the number of genetic studies in DCM. Initial anticipation of early
etiologic insights in DCM has been tempered by the consistent finding of small kindreds
with relatively few definitively affected individuals[30]. Autosomal dominant patterns of
inheritance predominate. The large numbers of individuals with subclinical disease have
complicated linkage analyses and are one important reason for the high ratio of mapped
loci to cloned genes [see Table 3]. The structure of the families seen in DCM likely reflects
some real biological attribute of the syndrome, but what this is remains unclear.

Genetic Mapping

Genetic linkage studies have identified at least 20 loci at which DCM is a prominent
component of the phenotype. Many loci are represented by only a single published family
[see Table 3]. These data suggest a high degree of genetic heterogeneity, as seen in HCM.
The detection of any allelic heterogeneity will require the identification of the responsible
genes at these loci. This genetic heterogeneity is only partly reflected in clinical or pheno-
typic heterogeneity[30,41]. At least two general patterns of disease have been identified,
each of which may represent a distinct etiologic pathway. There are several recessive or
X-linked muscular dystrophies that are associated with significant cardiomyopathy, often
disproportionate to the extent of the skeletal involvement[30,41]. The second phenotypic
group is represented by families with autosomal dominant atrioventricular conduction
block, intraventricular conduction disease, and DCM. These appear to be manifestations
of a syndrome that may also include arrhythmogenic right ventricular cardiomyopathy,
or in some cases, limb-girdle muscular dystrophy[30,46,47]. Even these clinical entities
are known to be genetically heterogeneous. The vast majority of DCM families are small
kindreds with two or three clearly affected individuals in a distribution consistent with
autosomal dominant inheritance, with no obvious extracardiac features.

Molecular Genetics and Pathophysiology

The genes responsible for several forms of DCM have been identified, and investigation
of the basic mechanisms of disease has been initiated. These genes belong to several
different gene families, and at present no unifying theme has emerged.

Dystrophin and Associated Proteins

The cloning of the dystrophin gene responsible for Duchenne and Becker variants of
muscular dystrophy, both of which have significant cardiac involvement, suggested this
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protein and other members of the dystrophin-associated glycoprotein complex (DGC) as
potential candidate genes for other forms of DCM. So far occasional families with X-
linked DCM have been directly linked to mutations in the dystrophin gene, and other rare
recessive cardiomyopathies have been found to result from mutations in the sarcoglycan
genes[48,49]. Several screens of multiple affected probands have effectively excluded this
protein complex as a common cause of DCM when unselected for mode of inheritance.

Mutations in this pathway are presumed to cause DCM through the role of the large
dystroglycan associated glycoprotein complex in the structural integrity of the link between
cytoskeleton and extracellular matrix. However, recent work implicating the DGC in mem-
brane cycling, aggregation of signaling molecules into local, functionally important clus-
ters, and in adenoviral pathobiology suggests a much more complicated picture. Abnormal-
ities of smooth muscle, affecting the circulation, have also been implicated in the etiology
of skeletal myopathy and cardiomyopathy[50].

Nuclear Membrane Proteins

The discovery of mutations in the lamin A/C gene in families with conduction disease
and DCM recently suggested that these nuclear membrane proteins may represent a distinct
pathway in cardiomyopathy[47]. These results built on the demonstration of a very similar
cardiac phenotype with mutations in emerin, another nuclear membrane protein[51]. It is
possible that this pathway results in DCM through defects in the mechanical integrity of
the nucleus, however, the biological functions of these genes are only beginning to be
understood. Interestingly, lamin A/C is widely expressed, yet the diverse phenotypes asso-
ciated with mutations in this gene appear tissue-specific. Several other loci exist where
the discrete phenotype of conduction disease and DCM cosegregate. The cloning of mu-
tated genes at these loci will add further potential pathway members and may elucidate
the mechanisms of disease in this subset[52].

Cytoskeletal and sarcomeric proteins

Given the specialized role of cardiac myocytes, and the adaptation of the cytoskeletal
apparatus in the sarcomere, many of these genes became candidates in the search for the
causes of DCM[53]. The screening of large numbers of probands for mutations in the
cardiac actin gene resulted in the identification of mutations in a very small fraction of
these patients. Subsequent screening of series of probands has only confirmed the extreme
rarity of actin mutations as causal factors in DCM[54]. Interestingly, mutations in other
sarcomeric protein genes, previously implicated in hypertrophic disease, have now been
shown to cause DCM infrequently[55,56]. These genes potentially implicate several path-
ways in the development of DCM, including contractile dysfunction, inefficient energetics,
and myocardial sensing of stretch or other stimuli[57,58].

Myotonic Dystrophy

Occasionally myotonic dystrophy will present with DCM or conduction disease as a promi-
nent component, although it is unusual for this to be the case throughout a single pedigree.
The mutated gene appears to be a protein kinase, but the mutation, an expanded triplet
repeat in the 3’ untranslated region of the coding sequence, may also affect transcription
of neighboring loci[26]. This triplet repeat is unstable as it is transmitted meiotically, and
so disease often will become more severe with each progressive generation, a phenomenon
known as anticipation. The mechanism by which the mutation results in cardiomyopathy
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is unknown, but abnormal levels or localization of the myotonin kinase have been hypothe-
sized.

Disease Models

The identification of the causal human genes in DCM offers a definitive starting point
for the generation of true disease models. The production of genetically modified organ-
isms bearing the cognate mutations allows investigators to unravel the mechanisms of
cardiomyopathy from the initial insult through to the final phenotype[11]. Insights may also
travel in the opposite direction, with model organism phenotypes implicating previously
unsuspected genes as candidates for DCM[56]. Importantly, such inferences require confir-
mation through human molecular work, as null mutants or tissue-specific transgenics may
not reflect any naturally occurring human genotype. For example, mouse models of DGC-
related DCM confirmed initial hypotheses suggesting that force transmission is somehow
disrupted, but importantly have also revealed many other pathways that may be involved
in abnormal myocardial function. Clearly, it will be crucial to understand these multiple
mechanisms of disease if we are to be able to design specific therapies for primary myocar-
dial disease.

Specific models for other heritable forms of DCM do not yet exist, although there
are intense efforts to generate such models, not only in mice but in larger animals, and
in the zebrafish[59]. These model systems will enable the detailed pathophysiology of
each gene defect to be explored, the causative pathways to be defined, and ultimately
allow screening to directly identify modifier loci or novel therapies. The disparate pheno-
types already identified in DCM suggest that no single pathway is the sole culprit in this
syndrome. The dissection of the fundamental biology of these conditions should illuminate
not only such differences, but also the commonalities that may well be shared with acquired
forms of heart failure.

HYPERTROPHIC CARDIOMYOPATHY

Definitions and Clinical Features

As recently as the late 1950s, left ventricular hypertrophy (LVH) was believed to always
represent an adaptive response to ventricular loading abnormality[2]. Investigators began
to describe a syndrome characterized by familial syncope, sudden death, and marked LVH
at postmortem[60]. The presence of severe disorganization of muscle cells and myofibrils
were originally thought specific to this syndrome, although more recent work suggests
this may be a matter of degree. The advent of echocardiography and the study of extended
families revealed many asymptomatic, yet obviously affected, individuals[5]. Atypical
distributions of left or right ventricular hypertrophy may occur, often with particular pat-
terns seen in a given family. Importantly, as noted earlier, there may be no hypertrophy,
and the EKG is reproducibly a more sensitive tool in the context of an extended family[21].

HCM usually presents during, or shortly after, the adolescent growth spurt, unfortu-
nately often as sudden death. The mechanism of premature sudden death is not always
certain. Ventricular arrhythmias undoubtedly are a major factor, yet coronary anomalies,
pulmonary embolism, or other mechanisms have also been invoked[29]. Nonsustained VT
(ventricular tachycardia) is a marker for sudden death risk, but sophisticated assessments
of myocardial substrate appear superior[61]. Syncope was a prominent feature of the
earliest descriptions of HCM, and a significant cause of confusion with aortic valve disease.
Recurrent syncope is one of the most common clinical presentations of HCM, but here too,
the precise mechanisms remain obscure[29]. There are documented peripheral vasomotor
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abnormalities in many of these patients, but these do not correlate perfectly with clinical
events[62]. Chest pain is a typical feature, and often quite debilitating. Although ischemia is
always invoked, there are few data to support this as a common mechanism[63]. Coronary
anomalies should be excluded in those patients with prominent exertional pain. Patchy
abnormalities are seen on thallium studies, but other assessments of myocardial blood
flow are usually normal[64]. The possibility of primary metabolic mismatch has recently
resurfaced in the search for a unifying hypothesis for HCM pathogenesis (see following
text)[65]. Less prevalent clinical features include substantial functional subaortic and intra-
ventricular obstruction, subaortic membranes, and mitral valve abnormalities. There is
progression to ventricular dilatation and congestive heart failure in a proportion of patients.
Despite the high heritability of HCM, little is known of the segregation patterns of any
of the clinical features other than echocardiographic variables. Two decades of investiga-
tion failed to uncover the etiology of HCM, until the molecular genetic basis of the syn-
drome was revealed by work from the Seidman laboratory[9,66].

Clinical Genetics

Early descriptions of HCM recognized that a large proportion of cases appeared to be
familial with autosomal dominant inheritance. Studies based on less extreme echocardio-
graphic phenotypes suggested lower rates of familial disease. Systematic family screening
now suggests that as many as 90% of cases have evidence of autosomal dominant disease.
The remaining, ‘‘sporadic’’ cases may represent true de novo mutations in the genes that
cause Mendelian forms of the disease, or poorly penetrant forms of the underlying trait[5].
A large proportion of the genetic studies, and the majority of all clinical studies, in HCM
are dominated by individuals from pedigrees with severe hypertrophic phenotypes or a
high incidence of sudden death. Recent attempts to redress this balance have concentrated
on nonreferral populations, but virtually every study has failed to assess the potential
relatedness of individual subjects from a single center. In a condition dominated by Mende-
lian forms, the biases introduced by events or phenotypes in related individuals, genetic
founder effects, or other less obvious confounders make many current clinical investiga-
tions difficult to interpret. It is not surprising that conflicting data have emerged for the
predictive value of most clinical indices[29]. There is an unmet need for proband-based
clinical studies (and molecular studies), and the development of segregation-based ap-
proaches to the assessment of clinical risk within families.

Clinical genetic studies identified discrete entities within the HCM syndrome several
years prior to the use of molecular analyses. Braunwald’s initial description of familial
HCM noted several large kindreds with evidence of ventricular preexcitation and left
ventricular hypertrophy[3] [Figure 3]. In each family, these conditions appeared to cose-
gregate tightly, and subsequent work has shown that preexcitation, atrioventricular block,
and HCM are linked to a specific locus[22]. Although preexcitation or pseudo-preexcitation
are seen with other forms of HCM, spontaneous heart block has not been reported in other
autosomal families. Interestingly, preexcitation and atrioventricular block are also seen in
HCM due to mitochondrial disease[67]. Families in which both HCM and DCM cosegreg-
ate represent a second distinct clinical entity. These kindreds contain multiple individuals
with either phenotype, and, importantly, those with DCM do not appear to have progressed
from HCM.

Although inbred families with more severe homozygous phenotypes have been re-
ported[68], autosomal recessive HCM does not seem common. The most frequent form
of recessive ventricular hypertrophy is observed in the context of Friedreich’s ataxia, in
which there is cardiac involvement in the majority of cases. Other situations in which
idiopathic cardiac hypertrophy is seen include Noonan’s syndrome, and several of the
glycogen storage disorders.
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Figure 3 Apparently unrelated phenotypes may be mechanistically related from simple
clinical observations in extended families. Here left ventricular hypertrophy and ventricular
preexcitation cosegregate in a single pedigree, in a manner consistent with a single autoso-
mal dominant disorder. The study of individual parts of the pedigree, such as the highlighted
nuclear family in which hypertrophy is prominent (enlarged symbols), may give a distorted
view of the overall nature of the underlying trait.

Molecular Genetics

HCM is caused by mutations in at least 10 genes, the majority of which encode sarcomeric
contractile proteins[11]. Many hundreds of genes have been implicated in experimental
forms of left ventricular hypertrophy, but only this group of genes appears to cause human
hypertrophic disease. Although there is tremendous variation in the expression of HCM
even within a single family, some generalizations about the phenotypes seen with specific
genes have emerged. Families with cosegregating HCM and DCM seem to have a particular
feature of mutations in the cardiac actin gene on chromosome 15[69]. Focal mid-cavity
and disproportionate papillary muscle hypertrophy are associated with mutations in the
myosin light chains[70]. The syndrome of massive wall thickening, preexcitation, and
eventual atrioventricular block has been shown to be a result of activating mutations in
the PRKAG2 gene[71]. In this syndrome, the increased wall thickening is due not only
to true myocyte hypertrophy, but also to a significant component of inappropriate glycogen
storage. Other data have suggested that myosin mutations may be associated with signifi-
cantly more hypertrophy than troponin mutations[72], and myosin binding protein C muta-
tions may be associated with later onset hypertrophic disease[73,74]. Most recently, muta-
tions in the cardiac troponin I gene have been associated with families exhibiting both
HCM and restrictive cardiomyopathy[75].

Disease Models

Murine models of HCM have been generated and recapitulate many of the features of the
human disease[11]. There is evidence that the most specific of these models, the Arg403Gln
�-cardiac myosin ‘‘knock-in’’ mouse, has significant abnormalities of myocyte calcium
handling. The precise pathways involved have not yet been elucidated, but clearly these
mice offer the potential to dissect the fundamental mechanisms of hypertrophy most rele-
vant to human disease. The temptation to invoke a single pathway is strong, but evidence
of major genetic modifiers, and discrete hypertrophic clinical entities, such as that seen
with activating mutations of the AMP-activated protein kinase subunit PRKAG2 suggest
otherwise. It is even possible that different mutations in the same gene result in hypertrophy
through distinct mechanisms. Inefficient energy utilization may act as an important down-
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stream pathway, and might help reconcile some of the divergent effects of mutations on
contractility[76,77]. The disease gene in Friedreich’s ataxia is a mitochondrial protein,
which appears to be a critical player in oxidative stress pathways[78]. Many other pro-
cesses, such as sarcomere assembly or cellular transport pathways, might also be perturbed,
and the systematic study of genetic models will be vital to unraveling the pathophysiology
of primary cardiac hypertrophy.

CONCLUSION

The last few years have seen tremendous advances in the study of the human cardiomyopa-
thies. The major pathways have been identified in HCM, and similar inroads are beginning
to be made in DCM. The identification of molecular pathways is the first step in developing
a mechanistic understanding of these Mendelian disorders, and also offers the potential
for insight into more common types of ventricular remodeling. It is clear that the morpho-
logical classification of the cardiomyopathies that has proven so useful for decades will
be superceded by a molecular nosology.

There is still much investigation required before molecular diagnostics or prognostics
are useful in the management of these disorders. Extremely helpful insights can be gained
from simple clinical genetic tools, and these insights may be more immediately applicable
than molecular information.
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INTRODUCTION

Physiological hypertrophy is a normal part of the growth response of cells, including
cardiomyocytes, which are terminally differentiated and cannot undergo hyperplastic
growth. This form of hypertrophy is described as both concentric (characterized by addition
of sarcomeres in parallel, leading to increased width of the myocyte) and eccentric (charac-
terized by the addition of sarcomeres in series, leading to increased length). Concentric
cardiac hypertrophy can also develop as a response to stressors, in most cases an excess
load placed on the heart; for example, with uncorrected hypertension or valvular disease, or
post-MI (myocardial infarction) when the remote noninfarcted myocardium hypertrophies.
Hypertrophy is initially believed to be adaptive, normalizing systolic wall stress, though
this concept has been challenged recently and it is not clear that hypertrophy is really
necessary to maintain systolic function in the face of moderately elevated afterloads.
Eccentric hypertrophy results most often from volume loads such as those seen with
valvular insufficiency.

If the load placed on the heart is not normalized, the heart may continue to hypertro-
phy, eventually leading to elevated filling pressures and ‘‘so-called’’ diastolic heart failure.
The hypertrophied heart may also begin to decompensate, leading to progressive dilatation,
systolic dysfunction, and heart failure on that basis. Not surprisingly, cardiac hypertrophy
is a significant risk factor for the development of heart failure and, in addition, for sudden
death [1,2]. Given this predisposition, investigators have begun to dissect the molecular
determinants that underlie the cardiac hypertrophic response in an attempt to identify novel
pharmacologic targets of potential clinical relevance. The focus of these investigations
has been on the cell surface receptors for agonists that trigger the hypertrophic response,
including receptors for angiotensin II, endothelin-1, and �- and �-adrenergic agents. How-
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ever, given the vast number of agents that have been reported to induce hypertrophy (see
following text), and the increasing evidence that hypertrophy is multifactorial in origin,
more recent investigations have begun to focus on intracellular signaling pathways, with
the hope of identifying one or a few final common pathways necessary for the hypertrophic
response, irrespective of the inciting stimuli. With the rapid advances in the development
of small molecule inhibitors of components of these pathways that can be used in vivo,
we are rapidly approaching the point of being able to readily manipulate these pathways
in patients. Therefore, it is essential to understand the signaling networks that regulate
hypertrophic growth.

Irrespective of the type of hypertrophy, the processes of growth and hypertrophy
require a dramatic reprogramming of gene expression to upregulate gene products neces-
sary for growth of the cardiomyocyte (including genes encoding contractile elements and
proteins of the basic transcriptional and translational machinery that allow new protein
production), and genes that encode proteins that remodel the extracellular matrix, allowing
growth to proceed. This process of reprogramming gene expression occurs in response to
specific growth signals that are generated from a multitude of sources and include soluble
factors (growth factors, neurohormonal mediators), or biomechanical forces (stretch of
the myocyte induced, for example, by an acute MI or an acute pressure load)(reviewed
in [3,4]). To reprogram gene expression, however, these signals must be sensed at the
cardiomyocyte membrane, and transmitted into the interior of the cell, and eventually into
the nucleus, by a process called signal transduction. It is the purpose of this chapter to
provide an introduction into the field of signal transduction, specifically as it applies to
hypertrophy of the heart, and in so doing to help the reader understand how gene expression
becomes reprogrammed. The complexity of the field, including the large number of growth
factors that have been reported to induce growth of cardiomyocytes, and the even larger
number of signaling molecules that have been reported to mediate growth, makes it impos-
sible to cover all pathways that have been implicated. Rather than a laundry list of pathways
and molecules, we will focus on two major arms for which strong evidence exists implicat-
ing components of the pathway in the hypertrophic response: (a) the calcineurin pathway,
and (b) the phosphoinositide 3-kinase (PI3-kinase)/Akt pathway and its interactions with
the mammalian target of rapamycin (mTOR)—a pathway that has been implicated in
growth of species from Drosophila to human [5]. In addition, we will explore how the
role of these pathways are evaluated in mouse models of human disease, allowing the
reader to understand this rapidly growing field from which crucial discoveries leading to
therapeutic benefits will likely come. It is possible that after reading this chapter, the
reader may be overwhelmed with the complexity of these pathways and wonder how, or
even whether, they all fit together in some coherent manner. This view is shared by many
in the field, and one must realize that this is simply a reflection of the complexity of the
entire process itself and the large number of factors that must be recruited to allow the
coordinated end-result, hypertrophic growth. Finally, we will explore dysregulation of
these pathways in the hearts of patients with advanced heart failure, discuss how this
dysregulated signaling is altered when hemodynamic stresses are reduced, and speculate
about potential targets for the treatment of heart failure.

THE SIGNAL AT THE CELL MEMBRANE

There are two types of stimuli that are believed to trigger the hypertrophic response-
mechanical deformation of the membrane (cell stretch) and growth-promoting ligands
binding to their cognate receptors in the myocyte cell membrane, though as will be demon-
strated, mechanical deformation activates ligand/receptor interactions as well.
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Mechanical Deformation

Stretch of cardiomyocytes in culture leads to gene transcription and protein synthesis in
a pattern that closely resembles the load-induced hypertrophic response in vivo [6]. Stretch
triggers responses both via the direct activation of signaling molecules and by inducing
the release of humoral factors that appear to be of paramount importance in the maintenance
of the response. Although the identity of the stretch ‘‘sensor’’ remains unknown, stretch
results in the direct recruitment of integrin signaling and stretch-activated ion channels,
both of which could be true sensors of membrane deformation [7–11]. Heterotrimeric G
proteins (Gq and Gi), which clearly play a role in transducing signals from prohypertrophic
factors released following stretch, and possibly small G proteins, appear to be activated
so early after stretch that it is possible that these are also directly activated [12]. One
critical consequence of activation of these proximal mediators of the stretch response is
an increase in cytosolic calcium, which plays a role in activating several signaling pathways
including calcineurin, as will be discussed in detail in the following text. Until the sensors
are identified and fully characterized, however, the precise mechanisms by which cytosolic
signaling pathways are activated by stretch will remain speculative. One potential short-
coming of the stretch-sensing hypothesis is that in most biological response pathways, a
stretch signal gradually accommodates so that the response is lost unless a new or greater
stimulus is applied. In this manner, it is uncertain how an acute stretch stimulation mediates
long-term hypertrophic growth (and maintains it).

Humoral Factors

One of the central features of hypertrophic signaling is that membrane deformation induces
the release of growth factors that act in an autocrine or paracrine fashion to amplify
hypertrophic responses. In a seminal paper in 1993, Sadoshima, Izumo, and co-workers
first reported that autocrine release of angiotensin II (Ang II) was, at least in part, responsi-
ble for the hypertrophic response of cardiomyocytes in culture to cell stretch [13,14]. Ang
II activates a number of prohypertrophic signaling pathways via at least two mechanisms,
one triggered directly by the receptor and its associated heterotrimeric G protein, Gq (see
following text), and the other triggered by transactivation of growth factor receptors with
intrinsic tyrosine kinase activity, most notably the epidermal growth factor (EGF) receptor.
Transactivation of the EGF receptor was originally noted by Ullrich and co-workers in
1996 [15]. The current model involves calcium transient-induced (and possibly oxidant
stress-induced [16]) activation of a metalloprotease that releases heparin-binding EGF-
like growth factor, which then binds to the receptor, activating additional signaling path-
ways not directly activated by the Ang II receptor [17,18]. A second group of factors
released by mechanical stretch are the IL-6 family of cytokines, including cardiotrophin-
1 (CT-1), which act via receptors specific to the cytokine and via the common receptor,
gp130 [19–21].

A wealth of data implicates the insulin-like growth factor-1 (IGF-1) axis, including
growth hormone, which acts in large part via inducing production of IGF-1, as the dominant
regulator of normal postnatal growth of the mammalian heart [22–24]. In pathological
states, IGF-1 signaling is activated by a variety of stimuli that induce remodeling including
pressure overload and following myocardial infarction [25]. IGF-1 signaling is also acti-
vated in the remodeled hearts of patients with advanced heart failure [26].

Many of the prohypertrophic peptides, including Ang II, endothelin-1 (ET-1), and
�-adrenergic agents bind to receptors that are linked to heterotrimeric G proteins of the
Gq family. These G proteins convert receptor activation into mobilization of intracellular
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signaling pathways, and are the initial trigger for downstream events. Heterotrimeric G
proteins of the Gq family clearly play a major role in ventricular adaptation to pressure
overload. Overexpression, specifically in the heart of the � subunit of Gq or of an activated
mutant of �q, led to cardiac hypertrophy [27–30]. Later, in a landmark study, Ahkter and
colleagues demonstrated that expressing a peptide that inhibited Gq-dependent signaling
significantly limited the hypertrophic response to pressure overload in vivo [31]. More
recently, conditional inactivation of the gene encoding the � subunit of Gq (and the related
G11) was shown to blunt the hypertrophic response [32]. These studies, taken together,
confirm a critical role for Gq in hypertrophic signaling and in the hypertrophic response
to pressure overload.

SIGNALING WITHIN THE CELL

There are two essential features of hypertrophic growth-reprogramming of gene expression
and protein synthesis. Each is regulated by a series of intracellular pathways that are
activated by events occurring at the membrane as previously described. We will consider
each of these components separately, though they are inextricably intertwined.

Reprogramming of Gene Expression

In order to mount a hypertrophic response, the cardiomyocyte must upregulate the expres-
sion of a number of genes, including genes encoding components of the sarcomere and
more specific growth-related and stress-induced genes. Other genes are downregulated as
part of the response. Characteristic of the response is a reestablishment of a gene program
that is often described as ‘‘embryonic’’ or ‘‘fetal’’ because several of the reexpressed
genes are normally expressed in utero, but expression declines rapidly after birth. The
genes induced by the hypertrophic response are often divided into three groups based on
their time of expression—immediate early, intermediate, and late [33]. Immediate-early
genes include the neurohormonal mediator, brain natriuretic peptide (BNP), as well as
several stress-induced genes or genes involved in growth control, including c-fos, c-jun,
c-myc, egr-1, and heat shock protein 70 (HSP70). Intermediate-response genes include
atrial natriuretic peptide (ANP) and angiotensinogen as well as several sarcomeric compo-
nents, -myosin heavy chain (�-MHC) (and corresponding downregulation of �-MHC),
myosin light chain-2, and skeletal �-actin (replacing cardiac �-actin). Late-response genes
include angiotensin converting enzyme and the Na/Ca exchanger.

Signal transmission from the cell membrane, where the initiating stimulus is gener-
ated, to the nucleus is essential for this reprogramming. This is generally accomplished
by linear cascades of proteins, most commonly protein kinases (but also the protein phos-
phatase calcineurin [see following text]), phosphorylating and activating one another in
sequence, culminating in the phosphorylation and activation of one or more transcription
factors (Fig. 1). The transcription factors then bind to promoter elements, specific DNA
sequences, usually of �6 to 12 base pairs in length, within the promoters of genes. Thus,
each transcription factor will usually target several genes. The net result of the activation
of the entire set of genes is the hypertrophic response.

As noted, a host of different pathways have been implicated in regulating the hyper-
trophic response [4]. However, many of these studies have relied exclusively on overex-
pression of specific signaling molecules either in cardiomyocytes in culture or in the
heart in vivo (transgenic models with genes expressed downstream of a cardiac-specific
promoter, such as the �-MHC promoter). One must be very cautious in drawing conclu-
sions based on these findings alone, however, since the level of expression of the transgene
is often many-fold higher than the level of the endogenous protein, producing nonphysio-
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Figure 1 Schematic representation of a signal transduction pathway linking the cell surface
receptor to nuclear events. Hypertrophic stimuli sensed at the membrane lead via a variety
of signal transducers (e.g., Gq) to the activation of a protein kinase at the the top of a
multitiered cascade of protein kinases. This kinase phosphorylates kinase 2 in the cascade
that in turn phosphorylates kinase 3 in the cascade. Kinase 3 then phosphorylates one or
more transcription factors that bind to promoter elements in the regulatory regions of various
‘‘hypertrophic response genes’’ and activate gene expression. This multitiered cascade
serves to both amplify the signal (one kinase molecule at each level activates many mole-
cules at the next level) and prevent the need for kinase 1 to translocate to the nucleus each
time it is activated.

logical levels of activation of normal downstream targets. In addition, gross overexpression
of a transgene leads to ‘‘cross talk’’ with other signaling pathways that are not normally
regulated by that transgene [34]. That said, many signaling pathways have fairly striking
fidelity so that cross talk is often minimal and valuable information can certainly be
obtained using an overexpression approach. The optimal approach is that in addition to
demonstrating that a specific molecule is sufficient to induce the hypertrophic response
using a gain-of-function approach, it is also important to demonstrate that the molecule is
necessary for the response (e.g. the complementary studies of the role of Gq in hypertrophic
growth previously discussed). This is a much more difficult task because it requires deleting
or ‘‘knocking out’’ a gene, whereas sufficiency can be suggested with a transgenic model.

In-Depth Evaluation of Calcineurin–Nuclear Factor of Activated T-Cell
Signaling

Herein, we will focus on one pathway that has consistently been shown, in a number
of different models, to regulate hypertrophic growth—the calcineurin pathway (Fig. 2).
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Figure 2 Schematic representation of the calcineurin/NFAT pathway. Diagram shows the
possible sources of Ca2� necessary for the activation of calcineurin as well as the possible
contribution of Ca2�-independent inputs into calcineurin activation. See text for more details.

Calcineurin (also known as protein phosphatase 2B, PP2B) is a calcium-calmodulin-acti-
vated protein phosphatase. Calcineurin specifically dephosphorylates proteins previously
phosphorylated on serine or threonine residues. It is uniquely activated by sustained eleva-
tions in intracellular calcium [35–37]. Calcineurin comprises a 59–63 kDa catalytic subunit
referred to as calcineurin A, a 19 kDa calcium binding protein referred to as calcineurin
B, and the calcium binding protein calmodulin [35,36]. Three mammalian calcineurin A
catalytic genes have been identified (�,�,�) that are highly homologous to one another.
The calcineurin A� and A� gene products are expressed in a ubiquitous pattern throughout
the body, whereas calcineurin A� expression is more restricted [38–41].

Calcineurin catalytic activity is inhibited by the immunosuppressive drugs cyclospo-
rine A (CsA) and FK506 through complexes with immunophilin protein [35,36]. The
identification of calcineurin as a target for CsA and FK506 suggested a critical role for
this phosphatase in the regulation of T-cell reactivity and cytokine gene expression. Once
activated, calcineurin directly dephosphorylates members of the nuclear factor of activated
T-cells (NFAT) transcription factor family in the cytoplasm, promoting their translocation
into the nucleus. Once in the nucleus, NFAT family members participate in the transcrip-
tional induction of various immune response genes [42,43].

More recently, calcineurin was identified as a hypertrophic signaling factor in the
heart suggesting a conservation in the function of calcineurin as a reactive signaling factor
in multiple cell-types. For example, overexpression of an activated form of calcineurin in
the hearts of transgenic mice induced a profound hypertrophic response (two- to three-
fold increase in heart size) that rapidly progressed to dilated heart failure within 2 to 3
months [44]. Such data implicated calcineurin as a sufficient inducer of the hypertrophic
response and as a potential causative factor associated with the transition to decompensa-
tion and heart failure. More recent investigation has focused on an evaluation of calcineur-
in’s requirement as a hypertrophic mediator. Treatment of cultured neonatal cardiomyo-
cytes with the calcineurin inhibitory agent CsA attenuated agonist-induced hypertrophy in
vitro [44]. This initial observation suggested that calcineurin is likely activated in cultured
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cardiomyocytes in response to agonist stimulation. Indeed, agonist stimulation (e.g. phen-
ylephrine, angiotensin II) significantly increased calcineurin enzymatic activity in cultured
cardiomyocytes, which was associated with an increase in both calcineurin A� mRNA
and protein levels [45]. Endothelin-1-stimulated hypertrophy of cultured cardiomyocytes
also induced a significant (three-fold) increase in calcineurin activity [46]. Calcineurin
enzymatic activity and protein levels were each significantly upregulated in hearts from
juvenile tropomodulin transgenic mice, a model of dilated heart failure [47,48]. Similarly,
a number of groups have reported increased cardiac calcineurin activity in aortic-banded
rats, exercise-induced cardiac hypertrophy, or salt-sensitive hypertension-induced hyper-
trophy [49–51]. A few studies have also examined the activity of calcineurin in failed or
hypertrophic human heart samples. Analysis of human hypertrophic or failed heart tissue
due to ischemic and idiopathic cardiomyopathy, revealed a significant increase in cal-
cineurin activity [26,52]. These results were recently extended in patients with hypertrophic
obstructive cardiomyopathy and aortic stenosis-induced pressure overload, who showed
a significant increase in cardiac calcineurin activity that was associated with a differentially
processed form of the calcineurin catalytic subunit in the heart, presumably due to partial
proteolysis [53]. Collectively, the observations previously discussed have demonstrated a
linkage between cardiac hypertrophy and failure and the activation of a pivotal reactive
signaling molecule in the heart.

Use of CsA and FK506 in Animal Models of Cardiac Hypertrophy

Although CsA can attenuate agonist-induced cardiomyocyte hypertrophy in vitro [44,54],
its effectiveness in vivo is somewhat more controversial. CsA and FK506 each prevented
the phenotypic manifestations of hypertrophic and dilated cardiomyopathy in three separate
transgenic mouse models of intrinsic heart disease [47]. In the same report, CsA administra-
tion to aortic-banded rats over 6 days prevented the induction of cardiac hypertrophy [47].
However, four subsequent studies concluded that calcineurin inhibitors did not signifi-
cantly block pressure overload hypertrophy in either aortic-banded mice or rats, suggesting
that CsA and FK506 might not be effective antihypertrophic agents [55–58]. In addition,
a more recent study concluded that CsA was detrimental to disease progression in
�-MHC 403 mutant mice [59]. Although the studies previously discussed have concluded
a somewhat negative correlation between calcineurin and cardiac disease states, such
evidence should be weighed against the large number of positive accounts. To date, approx-
imately 20 individual reports have shown that inhibition of calcineurin with either CsA
or FK506 can antagonize cardiac hypertrophy and/or disease progression in pleiotropic
rodent models [47–51,60–74]. While the overwhelming majority of pharmacologic animal
studies support a role for calcineurin in the hypertrophic response, the few negative ac-
counts may reflect factors such as drug dosage, differences in the surgical preparations,
sex, age, or type of animal model.

Targeted Inhibition of Calcineurin Attenuates Hypertrophy

Another aspect of the controversy surrounding CsA and FK506 studies in animal models
of hypertrophy pertains to drug specificity. To address the issue of specificity, the noncom-
petitive calcineurin inhibitory domains from the calcineurin interacting proteins Cain/
Cabin-1 and AKAP79 were recently employed [75–77]. Adenovirus expressing the inhibi-
tory domains of Cain or AKAP blocked calcineurin activity and attenuated phenylephrine-
and angiotensin II-induced hypertrophy in cultured cardiomyocytes [45]. The inhibition
of hypertrophy by Cain and AKAP adenoviral infection was similar to the inhibition



Molkentin and Force30

observed with CsA and FK506, suggesting calcineurin as the determinative factor [45].
More recently, transgenic mice were generated that express the calcineurin inhibitory
domains of Cain or AKAP [78]. Cain and AKAP transgenic mice demonstrated a signifi-
cant reduction in pressure overload (aortic banding) and agonist-induced (isoproterenol
infusion) cardiac hypertrophy [78]. Calcineurin activity is also negatively regulated by the
muscle-enriched calcineurin inhibitory proteins MCIP1 and MCIP2 (DSCR1 and ZAKI-4),
which are each highly expressed in the heart and skeletal muscle [79,80]. Transgenic
mice expressing the calcineurin inhibitory domain from MCIP1 have also been recently
characterized and shown to have reduced cardiac hypertrophy in response to stress stimula-
tion or pressure overload [81,82]. Lastly, transgenic mice expressing a dominant negative
mutant of calcineurin within the heart also demonstrated reduced cardiac hypertrophy to
stress stimuli (aortic banding) [83]. More recently, calcineurinA� gene targeted mice were
generated as a further means of evaluating the necessary function of this phosphatase in
the heart. CalcineurinA� null mice were viable, fertile, and had reduced cardiac calcineurin
activity that was associated with an impaired hypertrophic response to Angiotensin II
infusion, isoproterenol infusion, or abdominal aortic constriction [84]. These data not only
extend the transgenic approaches previously discussed, but they more specifically implicate
the calcineurinA� gene in regulating the hypertrophic response.

Calcineurin Targets Regulating the Hypertrophic Response

The downstream transcriptional mechanisms whereby calcineurin might function in vivo
remain largely uncharacterised. However, both NFAT and MEF2 transcriptional regulators
are regulated by calcineurin (Fig. 2), suggesting obvious candidates for genetic analysis
in the heart. The NFAT family consists of five members, four of which (NFATc1-c4) are
partitioned between the cytoplasm and nucleus so that calcineurin activation sends them
to the nucleus where they activate gene expression [42]. Analysis of mRNA levels suggests
that multiple NFAT factors are expressed in the heart [85], although the lack of good
antibodies and the relatively low abundance of NFAT proteins has made it difficult to
identify the most prominent NFAT member expressed in the heart. To potentially identify
the downstream effectors of calcineurin in mediating the hypertrophic response both
NFATc3 and NFATc4 null mice were evaluated. Remarkably, NFATc3 null mice, but
not NFATc4 null, were determined to have impaired hypertrophy induced by activated
calcineurin, abdominal aortic constriction, or angiotensin II infusion [86]. These data
suggest that NFATc3 functions as a necessary transducer of calcineurin signaling in me-
diating the cardiac hypertrophic response. Collectively, analysis of multiple genetically
modified mouse models with altered calcineurin-NFAT signaling leaves little doubt that
calcineurin is an important regulator of the cardiac hypertrophic response. The data ob-
tained with these animal models also suggest that CsA and FK506 attenuate cardiac hyper-
trophy through a calcineurin-dependent mechanism. However, enthusiasm for calcineurin
inhibitory agents in treating human heart disease should be considered within the frame-
work of drug toxicity and lack of clinical data (see following text).

Clinical Use of CsA and FK506

Although calcineurin inhibitory drugs can attenuate cardiac hypertrophy and/or failure in
most rodent models of induced heart disease, their potential usefulness in humans is uncer-
tain. Both CsA and FK506 have a number of side-effects in humans, including nephrogenic
and neurogenic toxicity and immunosuppression [87]. Indeed, chronic CsA therapy in
human transplant patients induces renal toxicity leading to hypertension and potentially
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secondary cardiac hypertrophy [88]. Although this observation suggests that CsA might
be associated with cardiac hypertrophy in humans (albeit secondary), drug dosage is an
important consideration. The dosage of CsA or FK506 that is required to attenuate cardiac
hypertrophy in animal models is five- to 10-fold higher than the dosage used for immuno-
suppression [49,89]. In this respect, lower dosages of CsA used for immunosuppressive
purposes would not effectively inhibit cardiac calcineurin activity and, therefore, might
not act as an antihypertrophic agent. The reason for the differing sensitivity to CsA likely
relates to a higher calcineurin protein content in cardiomyocytes relative to T- and
B-cells, or to differences in tissue accessibility.

Despite the concerns listed, there is still a general lack of convincing clinical data
regarding the affects of CsA on human cardiac hypertrophy, which further complicates
assessment of calcineurin as a therapeutic target. However, a large number of patients
receiving CsA for its immunosuppressant qualities fail to demonstrate significant cardiac
side-effects, at least suggesting that cyclosporine is innocuous to the heart (in contrast to
the suggestion of Fatkin and colleagues [59]). Indeed, one small clinical study of heart
transplant patients, which employed a cocktail of immunosuppressants that included CsA,
even demonstrated smaller left ventricular masses indexed to body surface area at 3, 6,
9, and 12 months posttransplantation [90]. This study is provocative, however, more defini-
tive data is needed before such a paradigm can be extended from animal models to humans.
In addition, novel approaches to selectively inhibit calcineurin within the heart would be
advantageous given the known side-affects of CsA and FK506.

In summary, the calcineurin/NFAT pathway illustrates the paradigm of how a signal,
increased cytosolic [Ca2�], generated in response to either deformation of the membrane
or to hypertrophic agonist binding to its receptor, activates one signaling factor (cal-
cineurin), which then dephosphorylates and activates a transcription factor (NFATc3) that,
in turn, translocates to the nucleus, reprogramming gene expression.

Regulation of Protein Synthesis

The second critical component of hypertrophic growth is the ability to dramatically upregu-
late protein synthetic capabilities. This is regulated by two very complex and interacting
pathways. One is the mammalian target of rapamycin (mTOR) pathway [91]. The other
is the PI3-kinase pathway that, in addition to its role in regulating protein synthesis, also
plays a major role in reprogramming gene expression. These pathways are essential in
determination of cell, organ, and body size (i.e., normal growth) in species as diverse as
Drosophila and man [5,92–95]. The pathways are also recruited in, and regulate the
response to, pathologic stress-induced hypertrophic growth [96–98]. A schematic of these
interacting pathways is shown in Figure 3. Both the mTOR and PI3-K pathways regulate
protein synthesis by modulating the activity of various translation factors, either initiating
factors (which initiate the translation of mRNAs into proteins) or elongation factors (which
are responsible for elongation of the polypeptide chain) (reviewed in [99,100]).

Evaluation of mTOR

mTOR is a protein kinase whose importance is illustrated by its conservation throughout
evolution, from yeast to human. The critical importance of mTOR in regulating hypertro-
phic growth in vivo was recently demonstrated when its inhibitor, rapamycin, was found
to attenuate the hypertrophic response to pressure overload in mice [98]. Although it is
abundantly clear that mTOR is absolutely critical in the regulation of protein synthesis,
and studies employing rapamycin have identified specific targets of mTOR that regulate
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Figure 3 Schematic representation of the PI3-K and mTOR pathways. See text for details.
Other abbreviations/notes: rpS6, S6 ribosomal protein; eEF2K, the eukaryotic elongation
factor 2 kinase that phosphorylates and inactivates eEF2 (eEF2K is inhibited by p70S6K)
[99].

synthesis, the mechanisms regulating mTOR activity remain something of a mystery. In
brief, mTOR is activated when amino acids and energy supplies are plentiful (Fig. 3). In
addition, growth factors, including those leading to cardiac growth, such as insulin and
IGF-1, also activate mTOR probably via activation of PI3-K signaling. Teleologically this
makes sense because protein translation is an enormous consumer of energy in the cell,
and, therefore, one would not want translation proceeding at times of amino acid or energy
deprivation.

One of mTOR’s major targets is a protein, 4E-binding protein 1 (4E-BP1), which
binds to and inactivates the eukaryotic initiation factor 4E (eIF4E), preventing the initiation
of translation [100–102]. When activated, mTOR leads to the phosphorylation 4E-BP1,
causing it to dissociate from eIF4E, thus allowing translation to proceed (Fig. 3). A second
target activated by mTOR, in cooperation with the PI3-K pathway, is the p70S6 kinase
that phosphorylates the S6 protein of the small ribosomal subunit [5]. The p70S6K may
regulate the translation of a specific set of mRNAs, the so-called 5′-TOP (tract of pyrimi-
dines) mRNAs that encode ribosomal proteins. In addition, it may regulate one of the
elongation factors, eEF2 [99]. The importance of p70S6K in cell and organ growth is
illustrated by the marked reduction in cell, organ, and body size in mice deleted for even
one of the two p70S6K genes [93]. Furthermore, p70S6K is activated by pressure overload,
and it is possible that the ability of rapamycin to block pressure overload hypertrophy is
due, to the inhibition of p70S6K activation by rapamycin [98].

The PI3-K Pathway

This highly conserved pathway (Fig. 3) is remarkable in the fact that virtually every
component of the pathway has been shown in animal models in vivo to regulate cell and
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organ growth, including growth of the heart, thus presenting a consistent message concern-
ing the importance of the pathway [96–98,103–112]. The pathway is activated by most
(if not all) of the agonists implicated in inducing cardiac hypertrophy, including pressure
overload. When activated, the PI3-K phosphorylates the integral membrane phosholipid,
phosphatidylinositol, at the 3′ position of the inositol ring. This leads to the recritment of
the protein kinase, Akt (also known as protein kinase B, PKB) to the cell membrane via
interactions of a specific domain of PKB/Akt (the plekstrin homology [PH] domain) with
the phosphorylated lipid [113]. This brings PKB/Akt into proximity to its activator, the
3-phosphoinositide-dependent protein kinase-1 (PDK1), which phosphorylates and acti-
vates PKB/Akt (in addition to the p70S6K previously discussed). PKB/Akt then plays a
role in activating mTOR and, consequently, p70S6K and the protein translation machinery
[114]. Given this, it is probably not surprising that PI3-K, PDK1, and PKB/Akt have all
been shown to regulate cell and organ size, including size of the heart. Indeed, one of the
more striking cardiac-specific transgenic models is the mouse overexpressing PKB/Akt
that has a markedly enlarged heart [108,111]. Although it is likely that activation of the
translational machinery is an important mechanism driving the increased heart size in
these mice, PKB/Akt has transcriptional targets that also likely play a role in reprogram-
ming gene expression in response to hypertrophic stress, however these remain to be
clearly identified [115].

PKB/Akt has another target, glycogen synthase kinase-3 (GSK-3), which also plays
a role in regulating normal and pathologic stress-induced growth of the heart
[103,105,106,116,117]. GSK-3 (� and likely GSK-3� as well) is a negative regulator of
cardiac growth. Transgenic animals expressing GSK-3� have dramatic reductions in nor-
mal cardiac growth and also have a markedly reduced hypertrophic response to pressure
overload [103,118]. Furthermore, inhibition of GSK-3� is necessary for the hypertrophic
response to a number of agonists, likely mediated via several mechanisms. For example,
GSK-3� negatively regulates activity of the initiation factor, eIF2B [119], and reviewed
in [120]. Thus inhibition of GSK-3� may be important for upregulating protein translation.
However, GSK-3� also inhibits the activity of a number of targets that function as tran-
scription factors. Since several of them have been implicated in cardiac growth, GSK-3�
may be particularly important in the reprogramming of gene expression and relatively less
important in regulating protein translation. This might make GSK-3� an attractive target
for therapeutic intervention because therapies targeting the translation machinery can be
expected to have significant toxicity when used long-term. The GSK-3� targets include
the NFATs, and thus, GSK-3� acts in opposition to the calcineurin pathway [105,121,122].
Phosphorylation of NFATs by GSK-3� leads to exclusion of NFATs from the nucleus,
thus preventing access to target genes. In fact, when the GSK-3� transgenic was bred
with the calcineurin transgenic, hypertrophy was markedly reduced [103]. Other known
growth regulators negatively regulated by GSK-3� include c-Myc, GATA-4, �-catenin,
and c-Jun (reviewed in [123,124]).

The PI3-kinase pathway is negatively regulated by a phosphatase that dephosphory-
lates 3-phosphorylated phosphoinositides at the 3′ position called PTEN (phosphatase and
tensin homolog) (Fig. 3) [125]. Overexpression of a catalytically inactive mutant of PTEN
in cultured cardiomyocytes led to cardiomyocyte hypertrophy [110]. Furthermore, condi-
tional inactivation of the PTEN gene in the heart also led to hypertrophy, further supporting
a critical role for the PI3-K pathway in regulating cardiomyocyte growth [96].

Other Pathways Involved in Growth Regulation

As suggested in the introduction, a large number of signaling pathways have been impli-
cated in the regulation of cardiomyocyte growth. However, either there are insufficient
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data at this point to support a claim, or the data are too conflicting to make definitive
statements concerning their role. This is probably most apparent when one examines the
literature on the role of stress-activated mitogen-activated protein (MAP) kinases in the
hypertrophic response (Fig 4). These kinases, the c-Jun N-terminal kinases (JNKs) and
the p38-MAP kinases, have been exhaustively studied but there remains no consensus on
their role. This is, in large part, due to the models that have, out of necessity, been employed
and, until very recently, the lack of adequate pharmacologic inhibitors that can be used
in vivo. Both of these kinases are members of multigene families so that gene-targeting
experiments have been complicated by functional redundancy and embryonic lethality.
This has forced a variety of approaches, none of which are ideal, and include studying
transgenics or conditional transgenics (with problems inherent to overexpression), knock-
outs of upstream activators, or utilizing adenovirus-mediated gene transfer of dominant
inhibitory mutants [126–130]. Given the central role of these kinases in very basic re-
sponses of all cells to a wide range of cellular stressors (oxidant stress, ionizing radiation,
cytokine stimulation, osmolar stress, heat shock, etc.) compensatory adaptations are likely
to be profound in these models. It is likely that a definitive conclusion on the role of these
kinases in hypertrophic growth will have to await the commerical availability of truly
specific inhibitors of these kinases, or better yet, inhibitors of specific isoforms of these
kinases, because there is evidence that different isoforms (and even different splice var-
iants) may serve different functions within the cell. Alternatively, tissue-specific gene
targeting experiments, or controlled dominant negative transgenic studies, may provide
additional insight. However, assessment of the present data suggests that the JNKs and
p38-MAP kinases may be more involved in the progression of heart failure, including
remodeling of the matrix, and may play much less of a role in hypertrophic growth. If
confirmed, they may be very attractive drug targets in the failing heart.

The ERK family (extracellular signal-regulated kinases) of MAP kinases (Fig. 4)
are also potently activated by hypertrophic stimuli. For studies of the role of the ERKs

Figure 4 Schematic representation of the major mitogen-activated protein kinase (MAPK)
pathways. The three-tiered kinase cascade consists of a MAP kinase kinase kinase
(MAP3K), that phosphorylates and activates a MAP kinase kinase (also known as MAPK
and ERK kinase, MEK), that, in turn, phosphorylates the MAP kinases (MAPK), either the
ERKs, JNKs, or p38–MAPKs.
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in hypertrophy, relatively specific inhibitors of the MEKs (MAPK and ERK kinases),
kinases immediately upstream of the ERKs are available and, in general, studies have
found them to inhibit at least part of the hypertrophic response of cardiomyocytes in
culture (reviewed in [33]). Interestingly, cardiac-specific overexpression of MEK1 (one
of the immediate upstream activators of the ERKs) produced concentric cardiac hypertro-
phy, but unlike most other models, such as the calcineurin transgenic, the MEK1 transgenic
animals did not progress to contractile failure [131]. These data raised the concept of
‘‘beneficial’’ hypertrophy vs ‘‘detrimental’’ hypertrophy by clearly demonstrating that
hypertrophy per se need not inexorably progress to heart failure. This may have to do
with the fact that the ERKs (in contrast to many other prohypertrophic signaling molecules
including calcineurin, the JNKs, and the p38-MAP kinases) are in many circumstances,
cytoprotective. Of note, hypertrophy induced by overexpression of PI3-K also leads to
hypertrophy without heart failure, and the PI3-K pathway, like the ERK pathway, is also
cytoprotective [97]. These data suggest a potential approach to the treatment of patients
with heart failure wherein pathways promoting progression of heart failure are inhibited
while those prohypertrophic pathways that are also cytoprotective are stimulated.

In summary, the PI3-K and mTOR pathways are critical regulators of cell and organ
growth via effects on the general protein synthesis machinery as well as via effects on
the activity of several transcription factors regulating expression of hypertrophic response
genes. Calcineurin is another important regulator that appears to act largely via effects on
the NFAT family of transcription factors. Many other pathways have been implicated,
however, the data supporting an important role for these other pathways in physiological
or pathological hypertrophy are not, at least at this time, nearly as convincing. Thus, it
seems likely as drugs become available for the treatment of hypertrophic disorders, the
focus, at least initially, will likely be on components of the calcineurin and PI3-K/mTOR
pathways. It remains to be determined whether these pathways, with their known roles in
the most basic of cellular responses of many (or all) cells in the body, will be able to be
inhibited for prolonged periods of time without inducing toxicity. Alternative approaches,
such as gene therapy, which can be delivered in an organ-specific (and even cell type-
specific) manner, or organ-specific drug delivery may be necessary to target these pathways
safely.

ALTERATIONS IN SIGNALING IN THE DISEASED HUMAN HEART

We have discussed the signaling profile of the hearts of experimental animals exposed to
pressure overload. These data raise two questions: (a) How do the signaling alterations
seen in the heart of these animals compare to signaling alterations in the hearts of patients
with hypertrophy or heart failure? and (b) Is there any evidence that abnormalities seen
in these clinical scenarios are a cause of heart failure (as opposed to a consequence of
the heart failure) and, therefore, will manipulating their activity alter the progression of
disease?

One study has examined the signaling profile of hypertrophied hearts [26]. In this
study, patients were scheduled to be transplant donors but for a variety of reasons were
not considered to be appropriate. Several of these patients were found to have significant
cardiac hypertrophy, allowing a comparison of the signaling profiles in those hearts vs.
normal hearts, that were also rejected as donors. Of the signaling factors examined (cal-
cineurin, ERK1/2, JNK, p38-MAP kinase, Akt, and GSK-3), the only factor consistently
found to be activated in the hypertrophied hearts was calcineurin [26]. Of note, although
some of these patients clearly had hypertension, they were not suspected of having any
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cardiac disorder and, in all cases, systolic function was not depressed. Therefore, clinically,
they would be described as ‘‘compensated’’ hypertrophy. These data raised calcineurin
as one potential therapeutic target, inhibition of which might be able to regress hypertrophy,
at least in this phase of the disease.

In contrast to the paucity of data on hypertrophied hearts, several studies have exam-
ined the signaling profile of hearts explanted from patients with advanced failure either
going to transplant or undergoing left ventricular assist device (LVAD) placement prior
to transplant [26,52,132–137]. The following signaling factors were examined in at least
one of the studies: calcineurin, ERK1/2, JNKs, p38-MAP kinases, ERK5, the MAP kinase
phosphatases (which inactivate the MAP kinsaes), Akt, GSK-3, and a signaling pathway
activated by Ang II and cytokines, the Janus kinase (Jak)/signal transducer and activator
of transcription (STAT) pathway. Where examined, calcineurin expression and activity
were increased, though not to the same degree as seen in the hypertrophied hearts previ-
ously discussed [26,52]. Unfortunately, no clear consensus has emerged from the studies
examining the MAP kinase pathways despite the fact that the patient populations studied
appear to be similar. The most consistent results are probably in relation to p38-MAP
kinase activity. Three studies have reported activation of p38-MAP kinases in ischemic
cardiomyopathy [26,133,136], with only one reporting inhibition [135]. In contrast, in
idiopathic cardiomyopathy, p38-MAPK activity has generally been reported to be de-
creased or unchanged, with only one reporting activation, although the magnitude of activa-
tion was very low in that study [26]. No consistent results have been reported for the
JNKs and ERKs. Single reports have examined the other factors. In these, ERK5 has been
reported to be inhibited [137] and the MAP kinase phosphatases were activated [132].
Akt was also found to be activated, irrespective of the etiology of the heart failure, and
accordingly, its downstream target, GSK-3, was inhibited [26]. This profile suggested to
the authors that the heart may be attempting to mount a hypertrophic response in the face
of severe contractile dysfunction [26]. Differences between the studies could be accounted
for by a number of factors, including different medical therapies, device therapies, status
of the patient, and, maybe most importantly, methods of preserving the tissue because
suboptimal harvest and storage techniques can lead to the rapid dephosphorylation and
inactivation of protein kinases.

To summarize, not only can one not define a signaling profile of the failing heart
at this point, it is also entirely unclear whether any signaling alterations are causal or
simply a consequence of the heart failure. As a result, it is unclear what if any effect
manipulating these pathways would have on the progression of disease. Interestingly,
hearts that have been mechanically unloaded with LVAD support do show changes in
activity of MAP kinases, with ERK 1/2 and JNK activity decreasing and p38-MAP kinase
activity increasing, concomitant with a decrease in cardiomyocyte size (i.e., regression of
hypertrophy) and a decline in the rate of myocyte apoptosis [134]. Again, however, it is
unclear if the regression of hypertrophy and reduction in apoptosis is due to the changes
in activity of these MAP kinases.

Finally, the complexity of the heart failure signaling abnormalities and the changing
activities of various pathways at various times in the progression of disease (as evidenced
by the differences in signaling in the hypertrophied vs. failing hearts) creates a ‘‘moving
target’’ and leads to significant challenges for translational research in this area. The
patients with compensated hypertrophy vs. advanced heart failure were obviously at differ-
ent ends of the pathophysiological spectrum of heart failure, and in between these points,
including the transition to and early progression of heart failure, we have very little data
on what pathways might be reasonable targets. It is very likely, however, that interventions
at different points in the progression of heart failure will have to be aimed at very different
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targets, and it is not clear that these interventions will be equally or uniformly successful.
Given the aggressive pursuit of inhibitors of these pathways by the pharmaceutical/biotech
industry, we should, in a very short time, have the tools to be able to address these
questions.
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56. Mäller JG, Nemoto S, Laser M, Carabello BA, Menick DR. Calcineurin inhibition and cardiac
hypertrophy. (letter to editor) Science 1998; 282:1007.

57. Ding B, Price RL, Borg TK, Weinberg EO, Halloran PF, Lorell BH. Pressure overload induces
severe hypertrophy in mice treated with cyclosporine, an inhibitor of calcineurin. Circ Res
1999; 84:729–734.

58. Zhang W, Kowal RC, Rusnak F, Sikkink RA, Olson EN, Victor RG. Failure of calcineurin
inhibitors to prevent pressure-overload left ventricular hypertrophy in rats. Circ Res 1999;
84:722–728.

59. Fatkin D, McConnell BK, Mudd JO, Semsarian C, Moskowitz IG, Schoen FJ, Giewat M,
Seidman CE, Seidman JG. An abnormal Ca(2�) response in mutant sarcomere protein-
mediated familial hypertrophic cardiomyopathy. J Clin Invest 2000; 106:1351–1359.

60. Meguro T, Hong C, Asai K, Takagi G, McKinsey TA, Olson EN, Vatner SF. Cyclosporine
attenuates pressure-overload hypertrophy in mice while enhancing susceptibility to decompen-
sation and heart failure. Circ Res 1999; 84:735–740.



Molkentin and Force40

61. Shimoyama M, Hayashi D, Takimoto E, Zou Y, Oka T, Uozumi H, Kudoh S, Shibasaki F,
Yazaki Y, Nagai R, Komuro I. Calcineurin plays a critical role in pressure overload-induced
cardiac hypertrophy. Circulation 1999; 100:2449–2454.

62. Hill JA, Karimi M, Kutschke W, Davisson RL, Zimmerman K, Wang Z, Kerber RE, Weiss
RM. Cardiac hypertrophy is not a required compensatory response to short-term pressure
overload. Circulation 2000; 101:2863–2869.

63. Sakata Y, Masuyama T, Yamamoto K, Nishikawa N, Yamamoto H, Kondo H, Ono K, Otsu
K, Kuzuya T, Miwa T, Takeda H, Miyamoto E, Hori M. Calcineurin inhibitor attenuates left
ventricular hypertrophy, leading to prevention of heart failure in hypertensive rats. Circulation
2000; 102:2269–2275.

64. Shimoyama M, Hayashi D, Zou Y, Takimoto E, Mizukami M, Monzen K, Kudoh S, Hiroi
Y, Yazaki Y, Nagai R, Komuro I. Calcineurin inhibitor attenuates the development and
induces the regression of cardiac hypertrophy in rats with salt-sensitive hypertension. Circula-
tion 2000; 102:1996–2004.

65. Murat A, Pellieux C, Brunner HR, Pedrazzini T. Calcineurin blockade prevents cardiac mito-
gen-activated protein kinase activation and hypertrophy in renovascular hypertension. J Biol
Chem 2000; 275:40867–40873.

66. Mervaala E, Muller DN, Park JK, Dechend R, Schmidt F, Fiebeler A, Bieringer M, Breu V,
Ganten D, Haller H, Luft FC. Cyclosporin A protects against angiotensin II-induced end-
organ damage in double transgenic rats harboring human renin and angiotensinogen genes.
Hypertension 2000; 35:360–366.

67. Øie EB, Reidar OPF, Clausen H. Attramadal. Cyclosporin A inhibits cardiac hypertrophy
and enhances cardiac dysfunction during postinfarction failure in rats. Am J Physiol Heart
Circ Physiol 2000; 278:2115–2123.

68. Wang Z, Nolan B, Kutschke W, Hill JA. Na�-Ca2� exchanger remodeling in pressure
overload cardiac hypertrophy. J Biol Chem 2001; 276:17706–17711.

69. Wang Z, Kutschke W, Richardson KE, Karimi M, Hill JA. Electrical remodeling in pressure-
overload cardiac hypertrophy: role of calcineurin. Circulation 2001; 104:1657–1663.

70. Goldspink PH, McKinney RD, Kimball VA, Geenen DL, Buttrick PM. Angiotensin II induced
cardiac hypertrophy in vivo is inhibited by cyclosporin A in adult rats. Mol Cell Biochem
2001; 226:83–88.

71. Deng L, Huang B, Qin D, Ganguly K, El-Sherif N. Calcineurin inhibition ameliorates struc-
tural, contractile, and electrophysiologic consequences of postinfarction remodeling. J Car-
diovasc Electrophysiol 2001; 12:1055–1061.

72. Yang G, Meguro T, Hong C, Asai K, Takagi G, Karoor VL, Sadoshima J, Vatner DE, Bishop
SP, Vatner SF. Cyclosporine reduces left ventricular mass with chronic aortic banding in
mice, which could be due to apoptosis and fibrosis. J Mol Cell Cardiol 2001; 33:1505–1514.

73. Youn TJ, Piao H, Kwon JS, Choi SY, Kim HS, Park DG, Kim DW, Kim YG, Cho MC.
Effects of the calcineurin dependent signaling pathway inhibition by cyclosporin A on early
and late cardiac remodeling following myocardial infarction. Eur J Heart Fail 2002; 4:
713–718.

74. Takeda Y, Yoneda T, Demura M, Usukura M, Mabuchi H. Calcineurin inhibition attenuates
mineralocorticoid-induced cardiac hypertrophy. Circulation 2002; 105:677–679.

75. Sun L, Youn HD, Loh C, Stolow M, He W, Liu JO. Cabin 1, a negative regulator for
calcineurin signaling in T lymphocytes. Immunity 1998; 8:703–711.

76. Lai MM, Burnett PE, Wolosker H, Blackshaw S, Snyder SH. Cain, a novel physiologic
protein inhibitor of calcineurin. J Biol Chem 1998; 273:18325–18331.

77. Coghlan VM, Perrino BA, Howard M, Langeberg LK, Hicks JB, Gallatin WM, Scott JD.
Association of protein kinase A and protein phosphatase 2B with a common anchoring protein.
Science 1995; 267:108–111.

78. De Windt LJ, Lim HW, Bueno OF, Liang Q, Delling U, Braz JC, Glascock BJ, Kimball TF,
del Monte F, Hajjar RJ, Molkentin JD. Targeted inhibition of calcineurin attenuates cardiac
hypertrophy in vivo. Proc Natl Acad Sci U S A 2001; 98:3322–3327.

79. Rothermel B, Vega RB, Yang J, Wu H, Bassel-Duby R, Williams RS. A protein encoded
within the Down syndrome critical region is enriched in striated muscles and inhibits cal-
cineurin signaling. J Biol Chem 2000; 275:8719–8725.



Molecular Signaling Networks Underlying Cardiac Hypertrophy and Failure 41

80. Fuentes JJ, Genesca L, Kingsbury TJ, Cunningham KW, Perez-Riba M, Estivill X, de la
Luna S. DSCR1, overexpressed in Down syndrome, is an inhibitor of calcineurin-mediated
signaling pathways. Hum Mol Gen 2000; 9:1681–1690.

81. Rothermel BA, McKinsey TA, Vega RB, Nicol RL, Mammen P, Yang J, Antos CL, Shelton
JM, Bassel-Duby R, Olson EN, Williams RS. Myocyte-enriched calcineurin-interacting pro-
tein, MCIP1, inhibits cardiac hypertrophy in vivo. Proc Natl Acad Sci U S A 2001; 98:
3328–3333.

82. Hill JA, Rothermel B, Yoo KD, Cabuay B, Demetroulis E, Weiss RM, Kutschke W, Bassel-
Duby R, Williams RS. Targeted inhibition of calcineurin in pressure-overload cardiac hyper-
trophy. Preservation of systolic function. J Biol Chem 2002; 277:10251–10255.

83. Zou Y, Hiroi Y, Uozumi H, Takimoto E, Toko H, Zhu W, Kudoh S, Mizukami M, Shimoyama
M, Shibasaki F, Nagai R, Yazaki Y, Komuro I. Calcineurin plays a critical role in the
development of pressure overload-induced cardiac hypertrophy. Circulation 2001; 104:
97–101.

84. Bueno OF, Wilkins BJ, De Windt LJ, Molkentin JD. Impairment of cardiac hypertrophy in
CnA�-deficient mice. Proc Natl Acad Sci U S A 2002; 99:9398–9403.

85. Hoey T, Sun YL, Williamson K, Xu X. Isolation of two new members of the NF–AT gene
family and functional characterization of the NF-AT proteins. Immunity 1995; 2:461–472.

86. Wilkins BJ, De Windt LJ, Bueno OF, Braz JC, Glascock BJ, Kimball TF, Molkentin JD.
Targeted disruption of NFATc3, but not NFATc4, reveals an intrinsic defect in calcineurin-
mediated cardiac hypertrophic growth. Mol Cell Biol 2002; 22:7603–7613.

87. Haverich A, Costard-Jackle A, Cremer J, Herrmann G, Simon R. Cyclosporin A and transplant
coronary disease after heart transplantation: facts and fiction. Transplant Proc 1994; 26:
2713–2715.

88. Ventura HO, Malik FS, Mehra MR, Stapelton DD, Smart FW. Mechanisms of hypertension
in cardiac transplantation and the role of cyclosporine. Curr Opin Cardiol 1997; 12:375–381.

89. Batiuk TD, Urmson J, Vincent D, Yatscoff RW, Halloran PF. Quantitating immunosuppres-
sion. Transplantation 1996; 61:1618–1624.

90. Leenen FH, Holliwell DL, Cardella CJ. Blood pressure and left ventricular anatomy and
function after heart transplantation. Am Heart J 1991; 122:1087–1094.

91. Schmelzle T, Hall MN. TOR, a central controller of cell growth. Cell 2000; 103:253–262.
92. Montagne J, Stewart MJ, Stocker H, Hafen E, Kozma SC, Thomas G. Drosophila SK kinase:

a regulator of cell size. Science 1999; 285:2126–2129.
93. Shima H, Pende M, Chen Y, Fumagalli S, Thomas G, Kozma SC. Disruption of the p70(s6k)/

p85(s6k) gene reveals a small mouse phenotype and a new functional S6 kinase. EMBO J
1998; 17:6649–6659.

94. Stocker H, Hafen E. Genetic control of cell size. Curr Opin Genet Dev 2000; 10:529–535.
95. Weinkove D, Leevers SJ. The genetic control of organ growth: insights from Drosophila.

Curr Opin Genet Dev 2000; 10:75–80.
96. Crackower MA, Oudit GY, Kozieradzki I, Sarao R, Sun H, Sasaki T, Hirsch E, Suzuki A,

Shioi T, Irie-Sasaki J, Sah R, Cheng HY, Rybin VO, Lembo G, Fratta L, Oliveirados-Santos
AJ, Benovic JL, Kahn CR, Izumo S, Steinberg SF, Wymann MP, Backx PH, Penninger JM.
Regulation of myocardial contractility and cell size by distinct PI3K-PTEN signaling path-
ways. Cell 2002; 110:737–749.

97. Shioi T, Kang PM, Douglas PS, Hampe J, Yballe CM, Lawitts J, Cantley LC, Izumo S. The
conserved phosphoinositide 3-kinase pathway determines heart size in mice. EMBO J 2000;
19:2537–2548.

98. Shioi T, McMullen JR, Tarnavski O, Converso K, Sherwood MC, Manning WJ, Izumo S.
Rapamycin attenuates load-induced hypertrophy in mice. Circulation 2003; 107:1664–1670.

99. Browne GJ, Proud CG. Regulation of peptide-chain elongation in mammalian cells. Eur J
Biochem 2002; 269:5360–5368.

100. Proud CG. Regulation of mammalian translation factors by nutrients. Eur J Biochem 2002;
269:5338–5349.

101. Dennis PB, Jaeschke A, Saitoh M, Fowler B, Kozma SC, Thomas G. Mammalian TOR: a
homeostatic ATP sensor. Science 2001; 294:1102–1105.



Molkentin and Force42

102. Rohde J, Heitman J, Cardenas ME. The TOR kinases link nutrient sensing to cell growth. J
Biol Chem 2001; 276:9583–9586.

103. Antos CL, McKinsey TA, Frey N, Kutschke W, McAnally J, Shelton JM, Richardson JA,
Hill JA, Olson EN. Activated glycogen synthase kinase-3 suppresses cardiac hypertrophy in
vivo. Proc Nat Acad Sci 2002; 99:907–912.

104. Chen WS, Xu PZ, Gottlob K, Chen ML, Sokol K, Shiyanova T, Roninson I, Weng W, Suzuki
R, Tobe K, Kadowaki T, Hay N. Growth retardation and increased apoptosis in mice with
homozygous deletion of the Akt1 gene. Genes Dev 2001; 15:2203–2208.

105. Haq S, Choukroun G, Kang ZB, Lee K-H, Ranu H, Matsui T, Rosenzweig A, Alessandrini
A, Molkentin JD, Woodgett J, Hajjar R, Michael A, Force T. Glycogen synthase kinase-3
is a negative regulator of cardiomyocyte hypertrophy. J Cell Biol 2000; 151:117–129.

106. Haq S, Michael A, Andreucci M, Bhattacharya K, Dotto P, Walters B, Woodgett JR, Kilter H,
Force T. Stabilization of -catenin by a Wnt-independent mechanism regulates cardiomyocyte
growth. Proc Nat Acad Sci 2003; 100:4610–4515.

107. Lawlor MA, Mora A, Ashby PR, WIlliams MR, Murray-Tait V, Malone L, Prescott AR,
Lucocq JM, Alessi DR. Essential role of PDK1 in regulating cell size and development in
mice. EMBO J 2002; 21:3728–3738.

108. Matsui T, Li L, Wu JC, Cook SA, Nagoshi T, Picard MH, Liao R, Rosenzweig A. Phenotypic
spectrum caused by transgenic overexpression of activated Akt in the heart. J Biol Chem
2002; 277:22896–22901.

109. Scanga SE, Ruel L, Binari RC, Snow B, Stambolic V, Bouchard D, Peter M, Calvieri B,
Mak TW, Woodgett JR, Manoukian AS. The conserved PI3′K/PTEN/Akt signaling pathway
regulates both cells size and survival in Drosophila. Oncogene 2000; 19:3971–3977.

110. Schwartzbauer G, Robbins J. The tumor suppressor gene PTEN can regulate cardiac hypertro-
phy and survival. J Biol Chem 2001; 276:35786–35793.

111. Shioi T, McMullen JR, Kang PM, Douglas PS, Obata T, Franke T, Cantley LC, Izumo S.
Akt/Protein kinase B promotes organ growth in transgenic mice. Mol Cell Biol 2002; 22:
2799–2809.

112. Shiojima I, Yefremashvili M, Luo Z, Kureishi Y, Takahashi A, Tao J, Rosenzweig A, Kahn
CR, Abel ED, Walsh K. Akt signaling mediates postnatal heart growth in response to insulin
and nutritional status. J Biol Chem 2002; 277:37670–37677.

113. Yang J, Cron P, Thompson V, Good VM, Hess D, Hemmings BA, Barford D. Molecular
mechanism for the regulation of protein kinase B/Akt by hydrophobic motif phosphorylation.
Molec Cell 2002; 9:1227–1240.

114. McManus EJ, Alessi DR. TSC2: a complex tale of PKB-mediated S6K regulation. Nature
Cell Biol 2002; 4:E214–E216.

115. Cook SA, Matsui T, Li L, Rosenzweig A. Transcriptional effects of chronic Akt activation
in the heart. J Biol Chem 2002; 277:22528–22533.

116. Morisco C, Seta K, Hardt SE, Lee Y, Vatner SF, Sadoshima J. Glycogen synthase kinase 3
regulates GATA4 in cardiac myocytes. J Biol Chem 2001; 276:28586–28597.

117. Morisco C, Zebrowski D, Condorelli G, Tsichlis P, Vatner SF, Sadoshima J. The Akt-glycogen
synthase kinase-3 pathway regulates transcription of atrial natriuretic factor induced by �-
adrenergic receptor stimulation in cardiac myocytes. J Biol Chem 2000; 275:14466–14475.

118. Michael A, Haq S, Kilter H, Chen X, Walters B, Battacharya K, Cui L, Liao R, Patten RD,
Molkentin JD, Force T. Cardiac-specific expression of glycogen synthase kinase-3 impairs
cardiac growth and calcium handling, leading to systolic and diastolic dysfunction and heart
failure. 2003, Submitted.

119. Pap M, Cooper GM. Role of translation initiation factor 2B in control of cell survival by the
phosphatidylinositol 3-kinse/Akt/glycogen synthase kinase-3beta signaling pathway. Mol Cell
Biol 2002; 22:578–586.

120. Frame S, Cohen P. GSK3 takes centre stage more than 20 years after its discovery. Biochem
J 2001; 359:1–16.

121. Beals CR, Sheridan CM, Turck CW, Gardner P, Crabtree GR. Nuclear export of NF-ATc
enhanced by glycogen synthase kinase-3. Science 1997; 275:1930–1934.



Molecular Signaling Networks Underlying Cardiac Hypertrophy and Failure 43

122. Graef IA, Mermelstein PG, Stankunas K, Neilson JR, Deisseroth K, Tsien RW, Crabtree GR.
L-type calcium channels and GSK-3 regulate the activity of NF-ATc4 in hippocampal neu-
rons. Nature 1999; 401:703–708.

123. Cohen P, Frame S. The renaissance of GSK-3. Nat Rev Mol Cell Biol 2001; 10:769–776.
124. Woodgett JR. Judging a protein by more than its name: GSK-3. Sci STKE 2001; 100:RE12.
125. Cantley LC, Neel BG. New insights into tumor suppression: PTEN suppresses tumor forma-

tion by restraining the phosphoinositide 3-kinase/Akt pathway. Proc Natl Acad Sci 1999; 96:
4240–4245.

126. Choukroun G, Hajjar R, Fry S, del Monte F, Haq S, Guerrero JL, Picard M, Rosenzweig A,
Force T. Regulation of cardiac hypertrophy in vivo by the stress-activated protein kinases/
c-Jun NH2-terminal kinases. J Clin Invest 1999; 104:391–398.

127. Liao P, Georgakopoulos D, Kovacs A, Zheng M, Lerner D, Pu H, Saffitz J, Chien KR, Xiao
R-P, Kass DA, Wang Y. The in vivo role of p38 MAP kinses in cardiac remodeling and
restrictive cardiomyopathy. Proc Nat Acad Sci 2001; 98:12283–12288.

128. Minamino T, Yujiri T, Terada N, Taffet GE, Michael LH, Johnson GL, Schneider MD.
MEKK1 is essential for cardiac hypertrophy and dysfunction induced by Gq. Proc Nat Acad
Sci 2002; 99:3866–3871.

129. Petrich BG, Molkentin JD, Wang Y. Temporal activation of c-Jun N-terminal kinase in adult
transgenic heart via cre-loxP-mediated DNA recombination. FASEB J 2003; 17:749–751.

130. Sadoshima J, Montagne O, Wang Q, Yang G, Warden J, Liu J, Takagi G, Karoor V, Hong
C, Johnson GL, Vatner DE, Vatner SF. The MEKK1-JNK pathway plays a protective role
in pressure overload but does not mediate cardiac hypertrophy. J Clin Invest 2002; 110:
271–279.

131. Bueno OF, De Windt LJ, Tymitz KM, Witt SA, Kimball TR, LKlevitsky R, Hewett TE,
Jones SP, Lefer DJ, Peng CF, Kitsis RN, Molkentin JD. The MEK1-ERK1/2 signaling path-
way promotes compensated cardiac hypertrophy in transgenic mice. EMBO J 2000; 19:
6341–6350.

132. Communal C, Colucci WS, Remondino A, Sawyer DB, Port JD, Wichman SE, Bristow MR,
Singh K. Reciprocal modulation of mitogen-activated protein kinases and mitogen-activated
protein kinase phosphatase 1 and 2 in failing human myocardium. J Card Fail 2002; 8:86–91.

133. Cook SA, Sugden PH, Clerk A. Activation of c-Jun N-terminal kinases and p38-mitogen-
activated protein kinases in human heart failure secondary to ischaemic heart disease. J Mol
Cell Cardiol 1999; 31:1429–1431.

134. Flesch M, Margulies KB, Mochmann HC, Engel D, Sivasubramanian N, Mann DL. Differen-
tial regulation of mitogen-activated protein kinases in the failing human heart in response to
mechanical unloading. Circulation 2001; 104:2273–2276.

135. Lemke LE, Bloem LJ, Fouts R, Esterman M, Sandusky G, Vlahos CJ. Decreased p38 MAPK
activity in end-stage failing human myocardium: p38 MAPK alpha is the predominant isoform
expressed in human heart. J Mol Cell Cardiol 2001; 33:1527–1534.

136. Ng DC, Court NW, dos Remedios CG, Bogoyevitch MA. Activation of signal transducer
and activator of transcription (STAT) pathways in failing human hearts. Cardiovasc Res
2003; 57:333–338.

137. Takeishi Y, Huang Q, Abe J, Che W, Lee JD, Kawakatsu H, Hoit BD, Berk BC, Walsh RA.
Activation of mitogen-activated protein kinases and p90 ribosomal S6 kinase in failing human
hearts with dilated cardiomyopathy. Cardiovasc Res 2002; 53:131–136.





3
Mechanisms of Cell Death in Heart
Failure

Jagat Narula and Anthony Rosenzweig
Division of Cardiology, Hahnemann University Hospital, Philadelphia, Pennsylvania
The Program in Cardiovascular Gene Therapy,
Massachusetts General Hospital
Boston, Massachusetts, USA

A progressive, often self-perpetuating process of myocardial remodeling is an important
determinant of HF (heart failure) and myocardial cell loss by any mechanism is an impor-
tant component in the genesis of remodeling. Although necrosis has been regarded as the
predominant mode of myocardial cell death, there is increasing evidence that cells die
through a variety of programmed and nonprogrammed mechanisms of cell death. In addi-
tion to necrosis, cardiac cells may be lost through apoptosis, and also autophagy associated
with ubiquitinated protein accumulation (Fig. 1) [1–3]. Apart from mechanistic insights,
understanding of mechanisms of cell survival and death may offer novel therapeutic ap-
proaches.

MORPHOLOGIC FEATURES OF CELL DEATH

The distinct types of cell death in heart failure have been traditionally defined based on
cell morphology [4]. The morphological distinctions are reinforced when reproducible
mechanisms are found to underlie the different types of cell death. There is severe disrup-
tion of cell membrane in necrosis that is associated with loss of cell contents. On the other
hand, apoptosis involves a genetically programmed cell death that takes place within a
preserved cell boundary and is characterized by negligible inflammatory response [2,5].
It has recently been demonstrated that ubiquitinated protein aggregates may also mediate
cell death in heart failure at a rate comparable to necrotic and apoptotic mechanisms of
death. The proportion of cells dying through each mechanism may differ at various stages
in the natural history of HF and therapeutic interventions may radically alter the proportions
of cells dying of apoptosis, autophagy, and necrosis [6]. ACE inhibitors and beta-blockers
inhibit apoptotic, and to a lesser extent necrotic, cell death, and may make autophagy
more prominent. This becomes an important issue because one of the goals is to interdict
the natural history of heart failure.
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Figure 1 Morphologic characteristics of different types of cell death. A, C, E are confocal
and B, D, F are electron micrographs. A and B, Apoptotic cell death. (A) Nuclei with DNA
fragmentation. (B) Nuclei show condensed chromatin. C and D, Oncotic cell death. (C)
Single cell oncosis labeled with complement 9. (D) Nuclei are electron-lucent with clumped
chromatin, mitochondria are damaged with flocculent densities. E and F, Autophagic cell
death. (E) Ubiquitin deposition and loss of nuclei (F) Ultrastructural appearance with numer-
ous autophagic vacuoles. (From Ref. 1; modified.)

CELL DEATH BY NECROSIS IN HEART FAILURE

The causes of necrotic cell death in heart failure are multiple. Ongoing ischemia is the
commonest cause and infringes on aerobic oxidative respiration [7,8]. Infective agents,
postinfective immune processes, hypersensitivity phenomenon, and autoimmune diseases
result in predominantly inflammatory injury. In addition, chemical insults, including alco-
hol and doxorubicin toxicity, are infrequent causes of myocardial damage. Regardless of
the inciting agent, several common biochemical pathways mediate cell necrosis (Fig. 2),
the most important of which is ATP (adenosine triphosphate) depletion that occurs com-
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Figure 2 Mechanisms of necrotic cell death. Necrosis is mediated by downregulation of
aerobic oxidative respiration, ATP depletion, production of partially reduced reactive oxygen
forms, and a distinct increase in intercellular calcium (with loss of calcium homeostasis). This
is accompanied by activation of deleterious enzymes, such as phospholipases, proteases,
ATPase, and endonucleases, and mitochondrial damage by formation of mitochondrial per-
meability transition pores. Although reversible in its early stages, the nonselective pores
become permanent upon persistence of inciting stimuli. The biochemical alterations, includ-
ing mitochondrial damage, lead to loss of integrity of cell membrane, which is the hallmark
of necrotic cell death. (From Ref. 7; modified.)

monly during hypoxia and ischemia. Partially reduced reactive oxygen species, produced
during oxidative phosphorylation, are exaggerated during reperfusion injury and lead to
cellular damage. In addition to ATP depletion and oxidative stress, an increase in intracellu-
lar calcium activates potentially deleterious enzymes, such as phospholipases, proteases,
ATPase, and endonucleases. These biochemical events contribute to mitochondrial and
cell membrane damage. Formation of a permeability transition pore in the mitochondrial
membrane leads to loss of mitochondrial membrane potential, which is otherwise critical
for oxidative phosphorylation. On the other hand, the loss of integrity of the cell membrane,
which is the hallmark of necrotic cell death, leads to cell swelling, extrusion of intracellular
content, and induction of inflammation [9].

Morphologically, the scattered necrotic cells in heart failure may demonstrate in-
creased eosinophilia with loss of striations and nuclei, with and without interstitial inflam-
matory cells. Ultrastructurally, necrotic cells are characterized by overt breach in the
plasma membrane, dilation of mitochondria with large amorphous densities and intracyto-
plasmic myelin figures or accumulation of fluffy material representing denatured protein.
Nuclear changes occur due to nonspecific breakdown of DNA and may present as karyoly-
sis (loss of chromatin), pyknosis (nuclear/DNA shrinkage), or karyorrhexis (fragmentation
of pyknotic nuclei) [7]. Most necrotic cells and their debris are removed by a combined



Narula and Rosenzweig48

process of digestion and fragmentation, with phagocytosis of particulate debris. If not
destroyed and removed, they attract calcium salts and other minerals and develop dys-
trophic calcification.

The prevalence and importance of myocyte necrosis in heart failure cannot be esti-
mated histologically and has been best demonstrated by noninvasive radionuclide imaging
with antimyosin antibody [10–12] (Fig. 3). This antibody binds specifically to myocardial
cells that have lost their sarcolemmal integrity, allowing either the presence of myosin on
the cell surface or the penetration of antimyosin antibody into the cell. Because myocardial
necrosis is an obligatory component of myocarditis, scintigraphic evidence of abnormal
antimyosin antibody scans was initially considered to represent myocarditis in the setting
of dilated cardiomyopathy [13,14]. However, a large number of patients test positive for the
disease by antimyosin scintigraphy but test negative by biopsy. This may reflect myocyte
degeneration that is responsible for their clinical presentation as acute onset or worsening
of heart failure without accompanying mononuclear cell infiltration [11,12].

In our study of 50 such consecutive patients with LV systolic dysfunction (left
ventricular ejection fraction [LVEF] �45%), right ventricular endomyocardial biopsy and
noninvasive cardiac imaging with Indium-111 – labeled antimyosin antibodies were per-
formed [11]. Endomyocardial biopsy uncovered myocarditis in 10 patients. A comparison
of the histopathological findings was performed for the remaining 40 patients with apparent
nonmyocarditic dilated cardiomyopathy (mean LVEF, 27% � 11%). Of these 40 patients
with dilated cardiomyopathy, 25 showed left ventricular antimyosin uptake establishing
the presence of myocyte necrosis. However, biopsy evidence of myocyte necrosis was
observed in only one patient; instead myofibrillarlysis (Fig. 3) was observed on the endo-
myocardial biopsy specimen in 22 of these 25 (88%) patients with positive findings on
scans. In addition to myofibrillarlysis, four (16%) patients had evidence of interstitial
lymphocyte infiltration not sufficient for the diagnosis of myocarditis. Evidence of focal
interstitial fibrosis and variable degrees of myocyte hypertrophy were observed in two-
thirds of patients. Myofibrillarlysis was closely related to antimyosin antibody uptake and
was the only significant independent predictor of antimyosin positivity. Myofibrillarlytic
cells in the biopsy specimens were sparsely distributed.

Figure 3 Antimyosin antibody imaging for the detection of myocyte necrosis. (A) Scintigra-
phy with Indium-111 antimyosin antibody in a patient with heart failure and left ventricular
ejection fraction of 20%. He initially had positive scan (arrows) (B). The follow-up scan
showed clearly reduced uptake of antibody compared with the initial study. Patients ejection
fraction had increased to 65%. The right ventricular endomyocardial biopsy demonstrated
an evidence of myofibrillarlysis. The cells reveal cytoplasmic clearance and loss of contractile
proteins. (From Refs. 11 and 12; modified.)
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Improvement in ventricular function assessed as change in resting LVEF (�EF)
from the time of antimyosin scan (EF1) to 6 months later (EF2) in these patients divulged
interesting results. Stepwise multiple regression analysis revealed that multiplicative inter-
action of antimyosin scan and myofibrillarlysis was the only significant predictor of im-
provement in ventricular function as assessed by �EF. Initial ejection fraction and the
interaction of myofibrillarlysis with myocyte hypertrophy (MH) made a slightly negative
contribution to the predictive value. These factors yielded the following regression equa-
tion: �EF � 19 (�15) � 20 (�6) AMS � Mfl � 0.6 (�0.2) EF1 � 12 (�6) Mfl
� MH where AMS, Mfl and MH and binary variables (0 � negative, 1 � positive) and
EFI (the initial ejection fraction) is expressed as a percentage. Thus, a positive antimyosin
scan and the presence of myofibrillarlysis predicted an eventual additional improvement
in ejection fraction of 20% (�6.5%) above those patients who had negative antimyosin
scan results or the absence of myofibrillarlysis in a given clinical situation where all
other histological variables were kept constant. For example, a patient with initial ejection
fraction of 40% had �EF of -5% (an eventual loss in ejection fraction) in case of lack of
antimyosin uptake or myofibrillarlysis (or both). However, a patient with positive anti-
myosin scan results and biopsy evidence of myofibrillarlysis had �EF of 15% (an eventual
gain in ejection fraction). This example assumes that myocardial hypertrophy was not
observed in the endomyocardial biopsy samples. Spontaneous improvement of LVEF
greater than 10% was observed in 10 of 22 (45%) patients with positive antimyosin uptake
and evidence of myofibrillarlysis on biopsy specimens. Only three of the 18 patients
lacking one or both of these markers had a comparable improvement. The mean ejection
fraction of the 22 patients with positive results on antimyosin scans and positive myofibril-
larlysis rose from 27% � 10% to 41% � 17% (�EF � 12% � 20%). The mean ejection
fraction of the other 18 patients remained unchanged (EF1, 24% � 10% and EF2, 25%
� 12%).

Scintigraphic evidence of necrosis predicting resolution of ventricular dysfunction
appears to be counterintuitive. Although the precise relationship between myofibrillarlysis
observed in this study and myocardial uptake of antimyosin antibody is not clear, their
concurrence offers some explanation. It suggests that myocyte damage in chronic myocar-
dial diseases may retain a potential of reversibility to an extent, a concept that is better
vindicated in energy-hungry forms of cell death (see following text). It can be presumed
that the myofibrillarlytic myocyte population is expected to be a mixture of cells at various
stages of injury and can comprise a wide spectrum between reversibly and irreversibly
damaged myocytes on the basis of integrity of the sarcolemma. Necrotic myocytes in the
myofibrillarlytic myocyte population are postulated as the source of antimyosin uptake.
Although myocyte necrosis was not identified by light microscopy, the antimyosin positiv-
ity provided scintigraphic evidence of early myocyte necrosis. Myocytes permitting sarco-
lemmal entry to small Fab fragments of antimyosin antibody require very small pores that
may only permit exchange of small soluble molecules, ions, and water resulting in gradual
osmotic lysis but may escape detection by standard light microscopy. In addition to the
likelihood of reversibility, myocyte necrosis detected by antimyosin scintigraphy may also
be a marker of a larger population of reconstitutible myofibrillarlytic myocytes with intact
sarcolemma.

CELL DEATH BY APOPTOSIS IN THE FAILING MYOCARDIUM

The initial hemodynamic compensation in various cardiovascular substrates that result in
heart failure is accomplished by neurohormonal and cytokine activation. The hypertrophic



Narula and Rosenzweig50

response is also associated with the reappearance of fetal gene expression within the
myocytes for entry into cell cycle. However, since cardiac myocytes are terminally differ-
entiated such that DNA synthesis is generally undetectable in these cells, a hyperplastic
response may become associated with apoptosis. Hypertrophy of myocardium in various
experimental models [15–17], such as with activation of some hypertrophic genes (such
as c-myc, c-fos and TGF-�) may also promote apoptosis [18]. Experimental evidence for
a continuum between the growth and apoptotic responses in cardiomyocytes can be ob-
served by forced expression of a transcription factor E2F1, which results in DNA synthesis
followed by apoptosis [19].

Apoptosis is markedly different from necrosis. It is a genetically programmed and
energy-requiring series of events that permits the cell to die without inducing an inflamma-
tory response [4]. The classic changes of apoptosis include cell shrinkage and formation
of apoptotic bodies [8]. The activation of DNAses results in cleavage of chromatin into
multimers of oligonucleosomal-length DNA fragments, evident on agarose gel electropho-
resis. Chromatin marginalizes as the nucleus becomes segmented. Sarcolemmal integrity
is preserved but progressive convolution of membrane breaks up the cell into clusters of
membrane-bound subcellular organelles referred to as apoptotic bodies. Unlike necrosis,
because cell swelling and sarcolemmal disintegration do not occur, cytoplasmic contents
are not released and inflammation not provoked. Apoptotic bodies are phagocytosed and
removed. Identification of such cells is feasible by histochemical characterization of up-
stream signaling (such as caspase activation) or DNA fragmentation.

Two distinct, but not mutually exclusive, pathways of apoptotic cell death have been
well desribed. Both involve activation of highly specific proteolytic enzymes referred to
as caspases [20] (Fig. 4). In the extrinsic pathway, soluble or cell surface death ligands, such
as TNF-� and Fas ligand, bind to the corresponding death receptors inducing activation of
upstream caspases, such as -8, followed by activation of downstream executionary cas-
pases, such as -3, -6, and -7. In the second, intrinsic pathway, cytochrome c from mitochon-
dria is released in to the cytoplasm [21], often initiated by stress stimuli, such as ischemia,
oxidative stress, genotoxic stress, and calcium excess. Cytoplasmic cytochrome c in pres-
ence of dATP/ATP binds Apaf-1 to activate caspase-9 and subsequently downstream
effector caspases. Once activated, the executionary caspases fragment intracellular proteins
resulting in the orderly destruction of the cell. The effector caspases also activate DNAses
and lead to fragmentation of nuclear DNA [22]. The death receptor and mitochondrial
pathways are linked by Bid, which can be cleaved by caspase-8 to truncated Bid (tBid)
following death receptor activation [23], and translocates to the mitochondria where it
stimulates cytochrome c release through interactions with the proapoptotic Bcl-family
members, Bax and/or Bak. The anti-apoptotic Bcl-family members, Bcl-2 and Bcl-xL also
reside in the outer mitochondrial membrane and inhibit cell death by competing with Bax
and Bak for tBid as well as possibly through direct interactions with Bax and Bak [24].
These death pathways are inhibited by several other prosurvival pathways, which include
ARC or FLIP (inhibitors of caspase-8), and XIAP or related proteins (inhibitors of cas-
pases-3 and -9) [25]. When apoptosis is induced, in addition to cytochrome c, SMAC
is also released from the mitochondria that binds to XIAP precluding its inhibition of
caspases.

Apoptosis in human heart failure was initially demonstrated by Narula and col-
leagues. [2] based on the histochemical demonstration of DNA fragmentation; apoptosis
occurred both in ischemic and dilated cardiomyopathy (Fig. 5). They proposed that slow
ongoing apoptotic loss of myocytes may contribute to inexorable progression of CHF
(chronic heart failure). Their ultrastructural studies in explanted hearts demonstrated cyto-
chrome c release from mitochondria to cytoplasm in failing hearts [26]. In contrast, cyto-
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Figure 4 Cell death by apoptotic pathway. Apoptosis results from the activation of terminal
caspases (such as caspase-3), which fragment various cytoplasmic proteins and nuclear
DNA. The activation of caspase-3 occurs either by mitochondrial stress (such as ischemia,
calcium excess, or oxidative stress in cardiomyopathic disorders) that leads to release of
cytochrome c and processing of caspase-9, or cytokine-based inducers of death receptors
and upstream caspases (such as caspase-1 and -8). The two pathways, however, may not
be mutually exclusive, and caspase 8 leads to amplification of caspase 3 activation via
mitochondrial release of cytochrome c. In cardiomyopathic hearts, caspase-8 is activated
due to Flip downregulation, leads to Bid truncation, cytochrome c release from mitochondria,
and caspase-3 activation. Upregulation of IAPs with decreased Smac-L restricts active cas-
pase-3. Residual active caspase-3 leads to contractile protein cleavage but fails to induce
DNA fragmentation due to complete abolition of DNA fragmentation factors (DFF). Although
interrupted apoptotic cascade allows myocyte to survive, loss of cytochrome c and contractile
proteins lead to systolic dysfunction. (From Ref. 3; modified.)

chrome c is exclusively localized to the mitochondria in normal hearts. (Fig. 5) Down-
stream to cytochrome c release, caspase 3 was found to be activated in the cardiomyopathic
hearts. Unprocessed caspase-3 was also upregulated, whereas only minimal inactive cas-
pase 3 was observed in normal myocardium. A systematic destruction of cytoplasmic
proteins is expected after the activation of caspase-3. A conceptual proof of this has
been offered by Communal and co-workers [27], who demonstrated caspase-3 mediated
fragmentation of myofibrillar proteins and consequent loss of contractile function of cul-
tured cardiomyocytes (Fig. 6). A 4-hour exposure to active caspase-3 resulted in the cleav-
age of �-actin and �-actinin. Treatment with the caspase-3-specific and polycaspase inhibi-
tors abolished the cleavage. Myofilaments isolated from adult rat ventricular myocytes
after induction of apoptotic pathway by beta-adrenergic stimulation, displayed a similar
pattern of contractile protein cleavage. Further, exposure of skinned fiber to caspase-3
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Figure 5 Apoptosis of myocytes in heart failure. Simultaneous staining for apoptosis
(TUNEL, black) and myocytes (actin) was performed. (A) Few myocytes are apoptotic with
stained nuclei in a myocardial sample from dilated cardiomyopathy patient. Other myocytes
have clear nuclear areas as in control myocardial sample (B). (C, D) Ultrastructural magnifi-
cation of normal myocardial specimen from a donor heart (D) and cardiomyopathic heart
(C) demonstrate striking difference in cytochrome-c immunoreactivity. Localization of cyto-
chrome-c is represented by (black) gold particles. The cytochrome-c is predominantly local-
ized in mitochondria in normal hearts (D). On the other hand, cytochrome-c is substantially
reduced in mitochondria (C) in cardiomyopathic heart and is spilled in the cytoplasmic com-
partment. The cytochrome c was predominantly seen distributed either over Z-bands or
near intercalated disc (data not shown). Of note, the sarcolemma was intact and nucleus
not affected in most of the cells showing cytochrome c release. (From Refs. 2 and 26;
modified.)

decreased maximal Ca�2 activated force and myofibrillar ATPase activity. In cardiomyo-
pathic hearts, although the majority of myocytes demonstrate ultrastructural evidence of
cytochrome c release and there is variable loss of cytoplasmic proteins, the nuclei in
all these cells remain essentially normal. Intactness of nuclei ensures the viability of
cardiomyocytes.

We have observed that although there is continuous evidence of mitochondrial cyto-
chrome c release, myocytes inhibit activation of caspase-3, and lose DNAses to preserve
nuclear integrity [28] (Fig. 4). Such a phenomenon represents an interrupted apoptotic
cascade in CHF and possible altered myocardial state of cell survival [29]. In our recent
study of activation of death receptor pathways, release of mitochondrial activators of
caspase 3, inhibitors of caspase 8 and active caspase 3, and DNA fragmentation factors
(DFF-35,40,45) in end-stage ischemic and dilated cardiomyopathic hearts, we observed
that activated caspase-8 remained uninhibited due to Flip-L downregulation, and led to
Bid truncation, cytochrome c release from mitochondria, and caspase-3 activation. Upregu-
lation of XIAP with decreased Smac-L, restricted active caspase-3. Residual active cas-
pase-3 led to contractile protein cleavage but fails to induce DNA fragmentation due to
complete abolition of DNAses.

The ability of caspase-8 to induce cardiomyopathy and heart failure has been demon-
strated in transgenic animals, using myocardium-specific expression of a ligand-activatable
caspase-8 construct [30]. The catalytic domain of caspase-8 was coupled with the FK506
binding site to engineer the transgenic mouse wherein FK1012 administration allowed
dimerization and activation of caspase-8, with subsequent activation of caspase 3 and
aggressive myocardial apoptosis, and evolution of dilated cardiomyopathy.
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Figure 6 Ubiquitin-accumulations in myocytes in heart failure. (A), Only two small dots of
ubiquitin in a myocyte nucleus. (nucleus). (B) Massive cytoplasmic ubiquitin labeling in
myocyte. (C) Massive deposition of ubiquitin in a myocyte without a nucleus. (D, E) Double
labeling for ubiquitin and myosin showing colocalization of these proteins and that ubiquiti-
nated myosin lacks a typical cross-striated pattern. (F, G) Double labeling for ubiquitin
(green) with autophagic vacuoles. Shown with arrows in F are the autophagic vacuoles.
Inset, Enlarged view of the box area and shows monodansylcadaverine (arrows). (G) Double
labeling for ubiquitin and monodansylcadaverine showing colocalization of these two signals.
(From Ref. 1; modified.)

Cardiomyopathy could be prevented by simultaneous administration of a broad-
spectrum caspase inhibitor. These studies demonstrate that caspase activation and apoptotic
loss of myocytes are sufficient to induce cardiomyopathy. Whether activation of caspases
in general or caspase-8 in particular is necessary for the development of more routine
forms of heart failure, remains unclear. However, recent studies from our group have
provided evidence of the functional significance of death receptor signaling and caspase-
8 activation in hypoxia-induced cardiomyocyte apoptosis [31]. Using adenoviral expres-
sion of wild-type and dominant negative forms of the adaptor molecule, FADD, that links
death receptors to caspase-8 activation, we found, not surprisingly, that expression of
FADD in cardiomyocytes was sufficient to induce cardiomyocyte apoptosis. However,
expression of dominant negative FADD (DN-FADD) was remarkably effective at inhibit-
ing cardiomyocyte apoptosis in response to serum and oxygen deprivation. A detailed
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analysis revealed that in this context FADD inhibition blocked activation of caspase-8,
-9, and -3, thereby abrogating the apoptotic response [31]. These studies suggest that in
hypoxic cardiomyocytes both the intrinsic and extrinsic pathways play a role, but that the
intrinsic, mitochondrial pathway is activated downstream of death receptor signaling. More
recent in vivo studies by Lee and colleagues demonstrated that mice harboring a mutation
in Fas have smaller infarcts after ischemia reperfusion injury [32]. Thus, inhibition of
death receptor signaling may prove a productive avenue for future efforts to reduce myocar-
dial injury. Future studies will be necessary to define the functional contribution of these
apoptotic signaling pathways in models of heart failure.

From the previous discussion, it is clear that the apoptotic process is inititated in
failing cardiomyocytes but damage to the nucleus does not occur and appears to be different
from that seen in the classic apoptosis. It is likely that terminally differentiated cells resist
nuclear fragmentation despite continued activation of upstream cascade of apoptosis [33];
low levels of cytoplasmic damage may continue to occur. It is likely that a very small
number of cells undergo complete apoptosis in a smoldering and slowly progressive disease
state. However, because apoptosis in an energy-requiring process, it is also conceivable
that a tiny fraction of these cells that deplete their energy may die by secondary necrosis
[34,35]. Therefore, a myocyte that maintains its nuclear integrity but has compromised
its respiratory chain and oxidative phosphorylation, and allows variable destruction of its
contractile proteins, should contribute to systolic dysfunction of the cell [29]. Also, such
cells with intact nuclei may be amenable to recovery.

ROLE OF UBIQUITIN-PROTEOSOME PATHWAY IN MYOCYTE DEATH
IN HEART FAILURE

Involvement of the ubiquitin pathway has recently been suggested in cardiac myocytes
from failing hearts [1]. The evolutionarily highly conserved ubiquitin system labels sub-
strate proteins with a ubiquitin molecule on lysine residues enroute to degradation by the
26S proteosome [36]. Interestingly, although four or more ubiquitin molecules condemn
a protein to destruction [37], shorter chains may regulate survival functions, including
gene transcription and DNA repair. Ubiquitination is a reversible process; a number of
deubiquitinating enzymes remove ubiquitin molecules from discarded proteins and can
enhance protein survival. Similar to apoptosis, ubiquitination intersects with death deci-
sions in a large way in the failing myocardium.

Ubiquitinated protein aggregates have been observed in cardiomyocytes. Many ag-
gregates are observed in cells showing marked structural changes, including autophagic
vacuoles [1] (Fig. 6). This is accompanied by increased tissue ubiquitin mRNA, polyubi-
quitinated proteins, increase in of E2 UBC, but no change in E3 ubiquitin ligase, and
reduction in some deubiquitinating enzymes. The authors postulate that defects in this
pathway may lead to increased ubiquitylation, protein aggregates, and cell death by autoph-
agy. The hypothesis is similar to observations in neurons susceptible to death after cerebral
ischemia, wherein ubiquitylated protein aggregates were commonly found and correlated
with dying cells; such deposits were rarely seen in cells destined to live [38]. Thus, a high
density of ubiquitylated protein aggregates in myocytes may be a marker of cells destined
to die. In an accompanying editorial to this report, we had proposed that the cells, at least
those with mild ubiquitylation, were invoking protective responses to avoid cell death and
may die when such responses are overwhelmed. Evidence is accumulating that cells ex-
posed to death signals actively try to protect themselves through a number of mechanisms.
There is a fascinating link between endoplasmic reticulum (ER) stress, ubiquitylation, and
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cell survival or death. Various ER stress stimuli, such as ischemia, altered redox status
or calcium homeostasis (which are all prevalent in the failing myocardium), invoke a
series of protective responses called the unfolded protein response (UPR) or the endo-
plasmic overload response (EOR). Such mechanisms help the cells survive by reducing
the entry of new proteins into the ER, and increasing protein translocation out of it.
Retrotranslocated proteins need to be rapidly marked for degradation, or else they accumu-
late in the cell as toxic protein aggregates. The increased degradation of ER-translocated
proteins in the proteosome through the ubiquitin pathway reduces ER stress [39], which
has been demonstrated in ischemic cardiomyopathy [40]. Prolonged ER stress can lead
to protein aggregates, and apoptotic or necrotic cell death [39]. Protein aggregates can
turn off synthesis of many important proteins, including those in the UPP, to mediate
necrotic cell death [18] or increase apoptotic signaling to mediate apoptotic death [39,41].
In the study by Kostis and Colleagues [1], myocytes accumulated ubiquitinated proteins
in the presence of normal proteosome activity that could imply large amount of misfolded
protein translocation to ER-associated degradation (ERAD) from stressed ER. Therefore,
cell death could reflect a prolonged UPR and overwhelmed ERAD pathway (Fig. 7) rather
than a primary defect in the ubiquitin/deubiquitination system.

CROSS-TALK IN DEATH PATHWAYS

It is becoming clearer that various forms of death may be a part of the same spectrum
[2,8], and multiple morphologies of cell death may coexist in the same microscopic field,
sometimes even in adjacent cells [1]. The predominant form of death may depend upon
highly modifiable intracellular and extracellular conditions. For instance, a low intensity
stress, such as a short period of ischemia or interruption of ischemia by reperfusion, may
lead to apoptotic death, while a longer period of ischemia may bring on necrotic death
[42]. Similarly, the degree of ATP depletion [43], amount of PARP cleavage [44], or rate
of MPT formation [45] could drive a cell toward apoptosis or necrosis [46] depending on
when substrate changes occur. Further, cells sometimes die with a hybrid morphology
that is intermediate between apoptosis and necrosis [47]. It has been demonstrated that
inhibiting one pathway of death may simply switch it to die by another pathway. For
example, caspase-9, mediates a nonapoptotic cell death when apoptosis is inhibited by
zVAD.fmk [48]. Also during some developmental process of interdigital resorption (which
is mediated by apoptotic) digits still mature after inhibiting apoptosis by inducing necrosis
[49]. Furthermore, ubiquitination can modulate apoptosis by ubiquitination or deubiquiti-
nation of apoptotic proteins (like caspases) or its regulators (Bcl2, p53, NF-kb); ubiquitin-
mediated modulation of p53 and proapoptotic and antiapoptotic p53 family members can
regulate apoptosis depending on the circumstances [50]. Also, the endogenous antiapop-
totic proteins (IAPs), which have ubiquitylation activity, inhibit apoptosis by ubiquitylating
caspases [51].

However, the cross-talk between modes of cell death and their intimate connection
to myocyte function suggests that it may be possible to identify points of intervention
based on common signaling pathways modulating all of these phenomena that would
mediate meaningful rescue. Some studies suggest that this may, in fact, be the case in
cardiomyocytes. For example, we found that activation of the kinases, PI 3-kinase and its
downstream effector, Akt, are sufficient to block apoptosis in cardiomyocytes in vitro [52]
without apparent induction of alternative modes of cell death. Moreover, adenoviral gene
transfer of activated Akt to the heart in vivo mediated a dramatic reduction in cardiomyo-
cyte apoptosis as well as infarct size after IRI [53]. More importantly, Akt activation
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Figure 7 Cell death by ubiquitin pathway. Multiple stimuli can stress the ER and result in
an accumulation of unfolded proteins in the ER. The normal response (left half of the figure)
to clear this involves (a) BiP mediated release of IRE1 like factors, which then increase
chaperone protein production (which will improve protein folding) and suppression of non-
chaperone related protein transcription (which reduced protein load coming into the ER),
and (b) increased translocation of unfolded protein via the ER channel SEC61. Continued
unfolded protein excess in the ER increases protein retrotranslocation that is matched by
an upregulated ERAD—this normalizes the amount of unfolded protein and allows the cell
to recover from ER stress. When ERAD is overwhelmed (right panel in the figure) by either
continued excess of unfolded protein coming from the ER or if proteosome function ‘‘reserve’’
is exhausted, unfolded proteins accumulate in the cell and can form insoluble ubiquitylated
protein aggregates (Ub-protein aggregates), which are cytotoxic. (From Ref. 3; modified.)

substantially improved regional and overall cardiac function, likely related to its ability
to simultaneously block block apoptosis, reduce necrosis, and preserved function (contrac-
tion, Ca��-handling) in the surviving cells [53].

Based on the discussion above, the following assumptions can be made [3]. First,
multiple death signals are active at any given time within the failing myocardium. Second,
cells likely to die invoke multiple protective mechanisms [29]. Finally, doomed cells, once
compensatory mechanisms are overwhelmed, may succumb to death pathways, cross over
to other morphologic variety or die of a hybrid form of death [54,55]. One could speculate
that cross talk in death pathways might be dependent on a number of associated factors
such as the energy state of cell and intensity of damage. Preserved energy states and lower
intensity stimuli can drive a cell towards ‘‘energy hungry’’ death pathways like apoptosis
and possibly UPPathways. On the other hand, exhaustion of energy during these (energy-



Mechanisms of Cell Death in Heart Failure 57

requiring processes) and exaggeration of severity of inducing stimuli may upset calcium
homeostasis and mediate necrosis. Repletion of the cytosolic ATP pool before irreversible
damage may redirect the death program towards energy-dependent death pathways [3,56].

CONCLUSIONS

Death by any or many mechanisms is a loss of contractile heart muscle mass that is
predominantly irreplaceable. The adaptation of myocytes particularly in heart failure asso-
ciated with upregulation of protective factors (or downregulation of death factors) renders
the cells into a dysfunctional yet metastable state. Such adaptive processes significantly
retard the rate of loss of muscle mass and allow reversibility of contractile function to an
extent.
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SUMMARY

The behavior of the heart as it goes through each beat is governed by the contraction and
relaxation cycle of individual cardiac myocytes. The process that begins contraction is
known as excitation-contraction (E-C) coupling because it couples electrical signals on
the membrane of the cardiac cell to activation of the myofilament and cross-bridge cycling.
The cardiac action potential is produced by the coordinated interaction of many ion chan-
nels, which transduce physiological signals within and between cardiomyocytes. These
cardiomyocytes are further regulated by a number of receptors that control the strength
of the contraction on a beat-to-beat basis and their morphology in a chronic fashion. In
heart failure, a number of steps in excitation-contraction coupling become abnormal. In
this chapter, we will examine the role of these abnormalities in the development of heart
failure.

EXCITATION-CONTRACTION COUPLING

In the mammalian heart, depolarization of the cell membrane leads to the opening of
voltage gated L-type Ca2� channels, located in the T-tubular regions of the myocytes,
allowing the influx of trans-sarcolemmal influx of Ca2� into the cell (Fig. 1) [1,2]. These
channels are in close proximity to the Ca2� release channels, known as ryanodine receptors
(RyRs), which are located on the sarcoplasmic reticulum (SR), the major Ca2� storing
organelle in the cardiomyocyte. Ca2� entering the cells through a single L-type Ca2�

channel induces the opening of one or a cluster of ryanodine receptors resulting in the
local release of Ca2� from the SR [1,2 1,3–5]. During membrane depolarization, a large
number of L-type Ca2� channels are opened, resulting in a large release of Ca2� from
the ryanodine receptors, raising cytosolic Ca2� from 0.1–0.2 �M to 2–10 �M.

Recently, with the advent of confocal microscopy, a functional Ca2� signaling and
releasing unit has been characterized, namely the Ca2� spark [6–20]. Ca2� sparks were
first identified as the ‘‘elementary events’’ of spontaneous increases in intracellular [Ca2�],
which were detected by laser scanning confocal microscopy and the fluorescent Ca2�

61
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Figure 1 Depolarization of the membrane by the action potential leads to the opening of
voltage gated L-type calcium (Ca2�) channels allowing the entry of a small amount of Ca2�

into the cell. Through a coupling mechanism between the L-type Ca2� channel and the
sarcoplasmic reticulum (SR) release channels (ryanodine receptors), a larger amount of
Ca2� is released activating the myofilaments leading to contraction. During relaxation, Ca2�

is reaccumulated back into the SR by the SR Ca2� ATPase pump (SERCA2a) and extruded
extracellularly by the sarcolemmal Na�/Ca2� exchanger. A number of sarcolemmal recep-
tors affect calcium handling in cardiac myocytes. Agonists through G proteins increase
adenyl cyclase activity resulting in cAMP production. This results in activation of PKA leading
to phosphorylation of the L-type calcium channels, allowing an increase in calcium entry,
phosphorylation of phospholamban, increasing SERCA2a activity, and phosphorylation of
troponin I, decreasing the sensitivity of the myofilaments to Ca2�. The phosphorylation
effects of PKA induce a greater release of calcium from the SR and a faster relaxation.
Digoxin inhibits the Na�/K� ATPase pump increasing intracellular Na�. This results in an
increase in intracellular Ca2� via the Na�/Ca2� exchanger, which leads to an enhanced
Ca2� loading of the SR and an increase in Ca2� release. Phosphodiesterase inhibitors
block the breakdown of cAMP, increasing its intracellular level activating PKA.

indicator fluo-3 as shown by Figure 2. Ca2� sparks, which also can be produced by the
Ca2� entering through L-type Ca2� channels during the E-C coupling process, therefore
underlie the elementary Ca2� signaling unit in excitation-contraction coupling at the indi-
vidual junction. Functionally, the Ca2� sparks represent Ca2� releases from the SR through
the opening of the SR Ca2� release channels/ryanodine receptors. Ca2� sparks are pro-
duced by 10 � 100 RyRs based on the ratio of the Ca2� sparks current and the single
RyR channel current because the morphology of Ca2� sparks vary even within a single
cell. Ca2� sparks are depicted/measured by their morphology and the frequency of occur-
rence. The information of the morphology includes the sizes of Ca2� sparks (amplitude,
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Figure 2 Unitary properties of SR Ca2� release in rat heart cells. Signal-averaged Ca2�

sparks are shown as line-scan image (top) and a surface plot (bottom) from control cRDIc
myocytes. The SR Ca2� release takes place at the t-tubules in heart cells. Sulpho-rhodamine
B identify the extracellular space in the t-tubules, whereas Ca2� sparks were imaged simul-
taneously. (Adapted from Ref. 20a.)

width, and duration) and the kinetics is described by the spark’s rising and decaying
dynamics. The activity of individual ryanodine receptors and the number of the RyRs
recruited during a spark play an important role in the spark morphology. Thus, the more
active the Ca2� release channels are, the more Ca2� would be released and as a consequent,
the increased size and the more frequent occurrence of Ca2� sparks would be observed.
Therefore, direct modifications that change the RyRs activity or the modulators that regu-
late RyR activity will have an impact on the size and frequency of Ca2� sparks. SR Ca2�

content also regulates Ca2� sparks because luminal [Ca2�] plays a critical role in regulat-
ing RyR by increasing the activity of the RyRs and by sensitizing the threshold of RyR
for activation to the stimulus. Ca2� sparks can be triggered by the Ca2� influx through the
L-type Ca2� sparks during voltage pulses. Thus, the kinetics, fidelity, and stoichiometry of
coupling between L-type Ca2� channels and RyR plays a critical role in determination
of the signal transduction during the E-C coupling process. The distance of the cleft
between the cell plasma membrane and the SR membrane, which is roughly 12 nm in
normal cardiomyocytes, is critical for this kind of coupling and signal transduction. Exten-
sion of the distance between them, by pulling the plasma membrane under tight-seal
conditions, decreases or abolishes the signaling reliability.

The release of Ca2� into the myofibrillar space, in turn, results in cross-bridge
formation and contraction [21–28]. The myofilaments are organized in a regular array of
thick and thin filaments giving the typical striated appearance of the entire myocyte as
shown by Figure 3. Each unit of this striated organization, known as the sarcomere, is
composed of one unit of interacting thin and thick filaments. The thick filaments consist
mainly of myosin heavy chains (MHC) and two pairs of light chains (Fig. 4). The ‘‘tail’’
of the molecule is coiled with two myosin heavy chains wound around each other. The
‘‘heads’’ of myosin include the globular region of one myosin molecule and two myosin
light chains [24–28]. Each myosin head has an ATP (adenosine triphosphate)-binding
area in close proximity to myosin ATPase, which breaks down ATP. Two myosin heavy
chain isoforms exist in human mammalian myocardium, �-MHC and �-MHC. In human
ventricular myocardium only 10% to 20% is �-MHC, while the �-MHC is more abundant.
The thin filaments are composed of actin and troponin complex. Within the sarcomere,
the actin polymers intertwine in a helical fashion. At intervals of 385 Å along the thin
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Figure 3 Contractile proteins in cardiac myocytes.

filaments are a group of three regulatory proteins called the troponin complex carried on
a long helical molecule, tropomyosin. The troponin complexes are made up of one molecule
each of troponin C, troponin I, and troponin T. The strength of the bond linking troponin
I and actin varies depending on the intracellular Ca2� level.

When the cytosolic Ca2� is low the tropomyosin-troponin complex is positioned in
such a way that the myosin heads cannot interact with actin. This is due to the bond linking
troponin I to actin. When cytosolic calcium increases, it binds to troponin C strengthening
the bond between troponin C and troponin I and weakening the bond linking troponin I
to actin. This leads to a conformational change of the tropomyosin-troponin C complex
that allows the myosin head to interact with actin. When Ca2� binds to troponin C it
exposes the active site on the thin filament, permitting the myosin head to bind weakly
to the actin filaments. Subsequent ATP hydrolysis allows a strong binding of the myosin
head to actin, which is followed by a power stroke that moves the actin molecule 5 nm
to 10 nm, locking the myosin head into a rigor state. The myosin head releases ADP
(adenosine diphosphate) and is ready to accept ATP, which starts the cycle again. ATP
binding to the myosin head dissociates the thin and thick filaments.

Relaxation occurs when calcium detaches from troponin C and is reaccumulated
back into the SR by the cardiac isoform of the Ca2� ATPase pump (SERCA2a) and
extruded extracellularly by the sarcolemmal Na�/Ca2� exchanger. The contribution of
each of these mechanisms for lowering cytosolic Ca2� varies among species. In humans
�75% of the Ca2� is removed by SERCA2a and �25% by the Na�/Ca2� exchanger.
SERCA2a transports Ca2� back to the luminal space of the SR against a Ca2� gradient
by an energy dependent mechanism (one molecule of ATP is hydrolyzed for the transport
of two molecules of Ca2�), where it binds to a calcium buffering protein, calsequestrin.
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Figure 4 In failing hearts, the action potential duration is markedly prolonged and is associ-
ated with changes in ionic currents.

The Ca2� pumping activity of SERCA2a is regulated by phospholamban. In its
unphosphorylated state, phospholamban inhibits the Ca2�-ATPase, whereas phosphoryla-
tion of phospholamban by cAMP-dependent protein kinase and by Ca2�-calmodulin de-
pendent protein kinase reverses this inhibition.

Electrical Activity in the Heart

A distinctive feature of the cardiac myocyte is its action potential (Fig. 5). At the cellular
level, the formation of the heartbeat is directly regulated by the cardiac action potential,
which depends on the coordinated actions of a large number of ion channels. Because
different parts of the heart have different complements or densities of ion channels and
pumps, the action potentials can differ between different myocardial regions. Figure 3
shows a human action potential from the anterior wall of the left ventricle with the approxi-
mate time course of the depolarizing and repolarizing currents carried by the different ion
channels. Action potential conduction in the heart depends on the ion conductance activity
of specific voltage-gated ion channels that mediate rapid, voltage-dependent changes in
ion permeability causing a change in the membrane potential. The action potential is
classically divided in five phases:

Phase 0: A rapid increase in Na� permeability mediated by voltage-sensitive Na�

channels causes rapid depolarization during the initial phase of the action potential.
Phase 1: This is followed by a rapid repolarization governed by the transient outward

current (Ito). The magnitude of Ito varies markedly within the different chambers
and walls of the heart. Ito density is highest in atrial myocytes and epicardial
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Figure 5 Action potential in cardiac myocytes. Different currents involved in the different
phases of the action potential.

ventricular myocytes, giving rise to the short action potential, and very low in
endocardial ventricular myocytes. Two separate potassium channel gene families
contribute to the formation of Ito: Kv1.4, a member of the shaker family, and
Kv4.2 and Kv4.3, members of the shal family, the latter playing a predominant
role in the repolarization of the action potential in humans.

Phase 2: A slow repolarization phase ensues, which gives rise to the plateau of the
action potential. Ca2� enters the cells during this phase. The major determinants
of the repolarization are the inactivation of the L-type Ca2� current and the
activation of the delayed rectifier K� currents (IK).

Phase 3: Toward the end of the plateau, the rate of depolarization is markedly
accelerated by the delayed rectifier current and the inward rectifier current (IK1).
Also contributing to the plateau currents are the Na�/Ca� exchanger current and
Na� currents through the Na�/K� ATPase pump.

Phase 4: Spontaneous depolarization during diastole is a normal property of SA
(sino-atrial) nodal, (atrio-ventricular), AV nodal, and Purkinje cells, but not atrial
or ventricular myocytes. The hyperpolarization-activated inward current If and
the delayed rectifier current (IK), which gradually deactivates, favor net inward
current, thus depolarizing the cell.

Regulation of Contractility in the Heart

A number of endogenous and exogenous factors regulate the strength of contraction in
cardiomyocytes. Circulating and locally released catecholamines bind to myocardial �1
and �2 adrenoreceptors (Fig. 1). Both �1 and �2 adrenoreceptors activate adenylyl cyclase
through stimulatory G proteins (Gs�), which results in the production of cAMP. Binding
of cAMP to the regulatory subunit of protein kinase A triggers a conformational change
that allows the catalytic subunits of the enzyme to dissociate and phosphorylate protein
substrates at serine and threonine subunits. In cardiac cells, PKA (cAMP protein kinase
A) phosphorylates

● the L-type Ca2� channel resulting in increased Ca2� entry
● phospholamban at its serine 16 site resulting in enhanced Ca2� uptake into the

SR
● troponin I resulting in enhanced detachment of Ca2� from troponin C
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The effects of PKA phosphorylation, therefore, increase the strength of the contraction
and enhance relaxation thereby combining inotropic and lusitropic effects. The force-
frequency relationship also contributes to the regulation of contractile strength in the heart.
In a normal heart, increasing heart rate results in enhanced transsarcolemmal Ca2� influx
secondary to high frequency induced recruitment of Ca2� currents, which results in more
Ca2� release from the SR and stronger contraction. In addition, length-dependent activa-
tion of the myofilaments serves as a largely Ca2�-independent mechanism for the short-
term regulation of the strength of contraction.

The cardiac ryanodine receptors RyR2 are also regulated by the �-adrenergic recep-
tor (�-AR) signaling pathway. Activation of the sympathetic nervous system results in
binding of norepinephrine to the �-AR and in elevation of cAMP levels and activation
of PKA. Phosphorylation of RyR2 may not correlate directly with cellular cAMP levels,
however. On the ryanodine receptor, there is a delicate balance between PKA phosphoryla-
tion and phosphatases (protein phosphatase 1 [PP1] and protein phosphatase 2 [PP2A]).
In addition, there are other molecules, such as FKB 12.6, which bind the L-type calcium
channel receptor to the RyR2 and stabilize this interaction. Upon �-AR activation, PP1 and
PP2A levels in RyR2 complex and depletes FKBP12.6 from RyR2 complex, pathologically
increasing Ca2�-dependent activation of RyR2 and resulting in depletion of SR Ca2�

stores, and uncoupling of RyR2 from each other (reducing E-C coupling gain).
The angiotensin I and endothelin I receptors couple to heterotrimeric G Gq, which

activates phospholipase C and inositol triphosphate (IP3), releasing Ca2� from endo-
plasmic reticular stores. Both angiotensin and endothelin receptor activation cause modest
increases in contractility, but their role (as detailed in the following text) is mainly centered
on the induction of hypertrophy. �3 receptors have been recently identified in the heart
and their function is mainly inhibitory on contractility.

CHANGES IN HEART FAILURE

In cardiomyocytes isolated from patients with heart failure, contraction and relaxation
exhibit a similar set of abnormalities regardless of the etiology. These can be attributed
to alterations in cellular processes within the myocytes including the sarcolemmal ionic
channels, receptors, the intracellular pumps, the myofilaments, and the metabolic pathways
that generate ATP.

Action Potential and Repolarizing Currents in Heart Failure

Changes in calcium-handling proteins and channel proteins governing cardiac repolariza-
tion have a significant impact on electrical activity in the failing heart (Fig. 4) [29,30].
Prolongation of the action potential duration is a prominent feature of heart failure. Various
ionic currents have been shown to be altered in heart failure. The inward rectifier K�

current (IK1) and the transient outward K� current (Ito) are significantly reduced in heart
failure. Associated with the reduction in Ito, there is a decrease in the expression of Kv4.2
and Kv4.3. Other changes in ionic currents are summarized in the side panel of Figure 6.

Calcium Handling in Failing Hearts

Abnormal calcium dynamics is a key causal component in the failing cardiomyocyte
[3,22,23,31–39]. As shown in Figure 6, cardiomyocytes isolated from failing human hearts
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Figure 6 Recordings from cardiomyocytes isolated from a nonfailing heart and from failing
heart infected stimulated at 1 Hz at 37�C. Failing cell had a characteristic decrease in
contraction and prolonged relaxation along with a prolonged Ca2� transient.

exhibit three important characteristics: (a) a decrease in systolic Ca2�, (b) an increase in
diastolic Ca2�, and (c) a prolonged relaxation phase. There is elevated diastolic calcium,
an inability to recruit a large amount of calcium at high loads and frequencies, and an
inability to take up calcium during relaxation. In addition, a critical characteristic of a
failing cardiac cell is the negative frequency response. Although in normal hearts, an
increase in stimulation frequency at fixed preload induces a sharp rise in contractile re-
sponse, in failing hearts, there is a decrease in contraction and calcium release with increas-
ing frequency (Fig. 7).

Since calcium handling is regulated by the voltage-dependent Ca2� channel, the SR
Ca2� release channels ryanodine, the SERCA2a/phospholamban complex, and the Na�/
Ca2� exchanger, studies have focused on the relative changes in these proteins between
myopathic and normal hearts (Table 1) [3,22,23,31-39].

The conductive properties of both the L-type Ca2� channels and the ryanodine
release channels from patients with dilated cardiomyopathy, as assayed by voltage clamp,
are essentially normal, but their coupling may be defective, such that with failing myocar-
dial cells, L-type Ca2� channels have a reduced ability to activate the adjacent ryanodine
receptors. It is still unclear whether all forms of heart failure have this type of coupling
abnormality.

In both failing human hearts and in experimental models of heart failure, there is
reduction in the expression and enzymatic activity of SERCA2a but an increase in Na�/
Ca2� exchanger expression and activity. The enhanced expression of the exchanger has
been hypothesized to be compensatory for the reduction of SERCA2a since the Na�Ca�

exchanger can operate to bring Ca2� into the cell or extrude it from the cell. In fact, there
is an increase in sensitivity to compounds that produce positive inotropic effects through
raised intracellular Na�, either by inhibiting the Na�/K2�-ATPase or by opening Na�

channels, in failing human hearts.
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Figure 7 Recordings from same cardiomyocytes stimulated at increasing frequencies.
Failing cardiomyocyte demonstrated a decrease in contraction amplitude and systolic Ca2�

and an increase in diastolic tone and Ca2�

Changes of Ca2� spark characteristics have been investigated in explanted failing
human hearts as well as different animal models of cardiac hypertrophy and heart failure.
Overall, a number of findings have been noted across different models of heart failure:
(a) the efficiency of the signaling transduction between L-type Ca2� channel and RyR
was reduced [42]. This finding has been interpreted as a defective communication between
L-type Ca2� channels and RyRs, either because of the mismatch of the two Ca2� channels,
or the distance between LCC and RyR has been changed; (b) [Ca2�]i transient is reduced
secondary to a decrease in the SR Ca2� load; (c) the frequency of Ca2� sparks occurrence
is reduced in failing myocytes while the triggering L-type Ca2� current remains un-
changed; and (d) the rising and decaying time is also elongated in failing myocytes [40].
All these changes in Ca2� sparks suggest that several molecular mechanisms, including

Table 1 Changes in Ca2� Cycling Proteins
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A

Figure 8 (A) Calcium spark is generated by the stochastic opening of the L-type calcium
channels and the subsequent activation of RyR2. (B) In heart failure, the distance between
the L-type calcium channels and RyR2 is increased, thereby decreasing the coupling and
release mechanisms.

increased RyR activity (increased duration and width of Ca2� sparks), reduction in SR
Ca2� content (reduced amplitude of Ca2� sparks and the frequency of Ca2� sparks re-
sponded to field stimulation), as well as the defective E-C coupling gain (reduced frequency
of Ca2� sparks responded to field stimulation) as shown in Figure 8.

In heart failure, the stimulation of the sympathetic nervous system results in phos-
phorylation of RyR2 by PKA. PKA phosphorylation modulates RyR2 function by changing
the sensitivity of RyR2 to calcium resulting in ‘‘leaky’’ channels, which may cause dia-
stolic Ca2� release, and generating delayed afterdepolarizations. In addition, PKA hyper-
phosphorylation of RyR2s in failing hearts, functionally uncouples the channels from the
L-type calcium channel, thereby reducing E-C coupling gain.

Contractile Proteins

A number of abnormalities occur at the level of the contractile proteins in failing myocar-
dium. There is a decrease in the fast isoform of the myosin heavy chain (�-MHC) and
an increase in the slower isoform �-MHC (Fig. 9). There is also a decrease in myosin
light chain kinase. Furthermore, there is a 20% to 30% decrease in myofibrillar protein
content. In nonfailing myocardium, there is one single predominant isoform for troponin
T, referred to as Troponin T1. A second isoform (Troponin T2) increases substantially in
ventricular myocardium of patients with heart failure. These isoform shifts and changes
of the contractile proteins have direct consequences on the functional properties of muscle
contraction. An increase in �-MHC results in a decrease in the cross-bridge cycling rate
and an increase in energy conservation, because fewer ATP molecules are split. It also
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B

Figure 8 (continued)

leads to a slower contraction and relaxation phases, which are characteristic of failing
myocardium. An increase in Troponin T2 leads to a decrease in the sensitivity of the
myofilaments to Ca2� and an abnormal response to agents targeting the myofilaments.

Energetics

In heart failure there is a mismatch between energy supply and demand. In both human
and experimental models of heart failure, there are decreases in energy supplied by key
enzymes involved in ATP-producing pathways, including creatine kinase, oxidative phos-
phorylation, and glycolysis, and high energy phosphate content and turnover rates are
decreased. Cardiac muscle contains a large amount of phospho-creatine (PCr) and creatine
kinase (CK). The creatine kinase system acts as an energy reserve system especially during

Figure 9 Changes in isoforms and ATPase activity in the myofibrillar process that contrib-
ute to the failing phenotype.
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Table 2 Alterations of Membrane
Receptors in Failing Hearts

ARK

high work loads. A decrease in creatine kinase pharmacologically or genetically decreases
the ability of cardiac muscle to increase contractile performance.

Abnormal �-receptor Signaling

�-adrenergic signaling defects in heart failure include down-regulation of myocardial
�-adrenergic receptors, �-AR uncoupling, and an up-regulation of the �-AR kinase (�
ARK1) as shown by Figure 8. As a consequence to these molecular changes, there is
reduced functional responsiveness to �-adrenergic agonists and cAMP dependent inotropic
agents. These alterations are described in detail in chapter 5.

CONCLUDING REMARKS

Through the window of excitation-contraction coupling, we can get a better understanding
of heart failure on the cellular and molecular levels. Abnormal intracellular calcium han-
dling seems to be the common pathway that induces a decrease in contractility and a
worsening in arrhythmias. Our understanding of the key abnormalities in ionic changes
within the cardiac cell in the failing heart may provide new therapeutic strategies for heart
failure.
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INTRODUCTION

Activation of cardiac �-adrenergic receptors (AR) represents the body’s most powerful
principle to increase cardiac contractility and heart rate [1]. Since the description of the
�AR as a distinct pharmacological entity [2] and the subdivision into �1-adrenergic and
�2-adrenergic receptors by Lands and colleagues in 1967 [3], it has rapidly evolved into
one of the most intensely studied receptor families. Pharmacological agents active at
�-adrenergic receptors were soon introduced into clinical practice. Before the 1980s, heart
failure was regarded and treated primarily from the standpoint of reduced contractility
and cardiac output. Hence, positive inotropic agents, including �-receptor agonists, were
used to treat heart failure patients with the result of inotropic benefit. Consequently, block-
ade of cardiac �-adrenergic receptors was regarded as a contraindication in heart failure
treatment due to its negative inotropic effect. In recent years, a dramatic change in the
perception of cardiac �-adrenergic signaling has occurred. Both experimental and clinical
studies have shaped a novel picture of �-adrenergic signaling, including the propagation
of cardiomyocyte hypertrophy and apoptosis, and the progression of heart failure. As a
direct result of this altered perception, �-blockade in heart failure is now regarded as the
single most effective therapeutic principle to treat chronic heart failure. This chapter will
provide a brief overview about �-adrenergic receptors in the heart, and focus on recent
developments in the understanding of �-adrenergic signaling and the use of �-blockers
in heart failure.

�-ADRENERGIC RECEPTORS–MORE THAN REGULATORS OF
CARDIAC CONTRACTILITY

Adrenergic receptors are a family of G-protein–coupled receptors with nine members,
three �1, three �2, and three �: �1, �2, and �3. When the first subdivision of adrenergic
receptors was proposed in 1948 on the basis of pharmacological experiments [2], the �-
subtype was defined as the one that causes smooth muscle contraction, whereas the �-
subtype mediates smooth muscle relaxation. Twenty years later, �-receptors were subdi-
vided, again on the basis of functional pharmacological experiments, into the �1-subtype,
which stimulates cardiac muscle, and the �2-subtype, which relaxes smooth muscle [3].
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The mammalian heart expresses all three �-adrenergic receptor subtypes (Fig. 1)
[4–6]. In the healthy heart, the majority (i.e., 60%-80%) of receptors are of the �1-subtype
in most species, while the �2-subtype accounts for a minor fraction of total �ARs. A third
�-adrenergic receptor subtype, the �3-subtype, was initially thought to be limited to adipose
tissue on the basis of ligand binding experiments [6], but was later detected also in the
heart [5]–this subtype is generally perceived as less important due to its very low expres-
sion level and relatively minor functional effects. It is not precisely clear where the recep-
tors are expressed in the heart, but there is evidence, that the �1-subtype is preferentially
located on cardiac myocytes, whereas the �2-subtype is expressed to a significant extent
on noncardiomyocyte cells, including vascular smooth muscle cells and synaptic nerve
endings. Knockout mice of the �1- and the �2-subtypes [7] have helped to clarify a long-
standing question as to whether a fourth �-receptor subtype exists [8]. The putative
�4-adrenergic receptor had been postulated on the basis of functional assays on isolated
organs and ligand binding assays, in which high concentrations of the �-receptor antagonist
CGP12177 produced cardiostimulatory effects [9]. This phenomenon could have been
explained both by a distinct molecular entity, i.e., a fourth �AR-gene, or by an atypical
state of either the �1- or the �2-adrenergic receptors. By the use of isolated atria from
�1- and �2-knockout animals, it has been demonstrated by two independent groups that
the pharmacology of the putative �4-subtype is entirely dependent on the presence of the
�1-adrenergic receptor, i.e., must be an atypical state or binding site of the �1-AR [10,11].

�1- and �2-adrenergic receptors are potent stimulators of cardiac contraction and
relaxation in the human heart [1,12]. As direct effectors of the sympathetic nervous system,
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they serve to rapidly adapt cardiac performance to an increased hemodynamic demand.
Both receptor subtypes couple to the stimulatory G protein Gs, thereby activating adenylyl
cyclase. The formation of the second messenger cAMP then leads to activation of PKA
(cAMP protein kinase A) , which phosphorylates several key regulators of the cardiac
excitation-contraction machinery. This includes phospholamban [14], the L-type Ca-
channel [14,15] the ryanodine receptor [16], troponin T and I [17], myosin binding protein
C [18] and the small protein phosphatase inhibitor-1 [19]. These events lead to rapid
(within seconds) changes of the cardiomyocyte calcium transient and enhanced myofila-
ment sensitivity for calcium, resulting in a potent inotropic effect.

In recent years, a debate has evolved surrounding whether the �2-adrenergic receptor
couples to the inhibitory G protein Gi and how this might be regulated [20,21]. Coupling
of the �2AR to Gi in addition to Gs has been demonstrated in several species, including
mice and rats [22,23]. Interestingly, this dual coupling of the �2AR to Gs and Gi proteins
has been described as occurring sequentially (first Gs and then Gi). PKA-dependent phos-
phorylation of the �2AR seems to represent the critical signal for this process [24,25]. In
human myocardium, however, coupling of the �2AR to Gi seems to be of minor importance
compared with coupling to Gs [26]. In addition to coupling to Gi proteins, a rapidly
increasing number of ‘‘alternative’’ signaling pathways have been described in recent
years that are activated directly by the �2AR. These include activation of the MAP (mito-
gen-activated kinases)-kinase–pathway, activation of phosphatidylinositol-3-kinase and
phosphodiesterases (for recent reviews see [4,27,28]). Whether and how these signaling
pathways contribute to the detrimental effects of chronic �-adrenergic signaling remains
to be clarified.

Evidence is accumulating that a major part of the specificity of cellular signaling
networks is achieved through a highly ordered spatial localization of the individual compo-
nents (for a recent review see [29]). Studies on isolated cardiomyocytes and on isolated
hearts have played a prominent role in proving the concept of subcellular compartmentation
of signaling pathways. Early work from Keely and colleagues suggested that PKA-activa-
tion by prostaglandin E and isoproterenol exerted differential effects on target protein-
phosphorylation [30]. Similar findings were then obtained in cardiac myocytes [31]. Also
recently, cAMP-accumulation through the glucagon-like peptide-receptor was found to
be completely uncoupled from inotropic effects in cardiac myocytes [32]. Experiments
demonstrating different ‘‘efficacies’’ for cAMP generated through �-adrenergic receptor
activation and directly through forskolin, further suggest spatial compartmentation of cellu-
lar signaling in cardiac myocytes [33]. Recently, this concept has been assessed through
the use of electrophysiological and optical techniques. By using a local stimulation of
cardiac �-adrenergic receptors and the L-type calcium channel as a readout system, Jurevic-
ius and colleagues [34] proved spatial compartmentation of �-adrenergic signaling in frog
cardiomyocytes. Zaccolo and co-workers extended these findings at the subcellular level
in neonatal cardiac myocytes by using a fluorescence resonance energy transfer (FRET)
approach, by which they defined the diffusion length of cAMP to be limited to approx.
1 �m [35].

There is evidence that differences in compartmentation between the �1- and the
�2-adrenergic receptor subtype exist. These include the differential coupling to Gs and Gi

proteins [22,36], potential differences in the PKA-phosphorylation pattern (which are still
a matter of debate) [13,27,38–41] and differences in the inhibition of muscarinic receptor
signaling through the �1- and the �2-subtypes [41–43]. The mechanisms underlying the
spatial compartmentation of cardiomyocyte �-adrenergic signaling include differential
localization at different compartments of the cardiomyocyte sarcolemma and the existence
of large heterogeneous protein clusters, i.e., signalosomes, that might differ between the
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�1- and the �2AR-subtypes [44]. Also the postreceptor signaling machinery is probably
highly organized [45].

An aspect in cardiovascular research, which has long been neglected, is time as
a critical parameter in signal transduction processes. The inherent properties of many
experimental systems (e.g., isolated organs) make it necessary to limit studies to durations
less than 24 hours. In fact, the majority of signal transduction work is performed within
a time span of a few hours. Similarly, in clinical studies, an acute benefit (i.e., increased
cardiac output) after administration of �-adrenergic agonists was long taken as a surrogate
parameter for beneficial effects in heart failure. Accordingly, the negative hemodynamic
effects of administration of a normal dose of a �-blocker to a patient with symptomatic
heart failure were regarded as evidence for the beneficial effects of �-adrenergic receptor
stimulation. It took experimental studies performed on a long-term time scale and long-
term clinical studies, with end-points such as mortality, to discover that continuous
�-adrenergic signaling is detrimental and that receptor blockade is beneficial when the
sympathetic nervous system is activated. A model for such continuous overactivity of the
�-adrenergic system are transgenic mice with cardiac overexpression of the human �1-
adrenergic receptor targeted to the ventricles of transgenic mice. �1-adrenergic receptor
transgenic mice display cardiomyocyte hypertrophy, followed by fibrosis, and finally heart
failure [46,47]. In addition, the calcium transients in cardiomyocytes from these animals
showed a delayed return to normal during diastole even at a very young age [48]. These
changes were accompanied by an altered expression pattern of SR-proteins involved in
calcium handling, in particular a marked reduction of the expression of junctin [49]. �1-
Receptor transgenic mice progressively develop cardiomyocyte hypertrophy (increase in
cross-sectional areas by more than 300%), but the heart weight of these animals increases
only to a moderate extent [46,49]. Thus, a dramatic loss of ventricular cardiomyocytes
must take place. We found enhanced apoptosis in the left ventricular myocardium of these
transgenic mice [48,50], and possible mechanisms of such apoptosis will be discussed in
the following text.

These data indicate that the �1-receptor system, which is ideally suited to provide
short-term increases in cardiac function, causes marked structural and functional damage
to the heart after extended periods of either receptor stimulation or overexpression. Thus,
its chronic activation by the sympatho-adrenergic system in heart failure is most likely a
maladaptive response.

Transgenic overexpression of the human �2-adrenergic receptor targeted to the ven-
tricles of transgenic mice has led to a multitude of new insights about �2-adrenergic
signaling in the heart. In the initial report by Milano and co-workers, a mouse model
with 20 to 30 pmol of receptor/mg membrane protein was described. This led to marked
enhancement of basal cardiac contractility, which could not be further augmented by �-
agonist treatment [49]. Given that in the heart the �2-subtype constitutes about 25% to
30% of the total �-adrenergic receptor number, which is normally 50 to 70 fmol/mg of
membrane protein, this corresponds to a more than 1000-fold overexpression. This dra-
matic level of receptor density remarkably did not result in overt cardiac pathology [50]
(it has to be taken into account, that increased mortality has been reported at old age [51]).
Thus �2-adrenergic receptor gene therapy was proposed to enhance myocardial function
of failing hearts [52]. At least on a short-term basis, this concept was proven to effectively
enhance myocardial contractility in a rabbit model of heart failure [53].

Overexpression of the human �2-adrenergic receptor in surgical or genetic heart
failure models has led to ambiguous results, however. First, the �2TG4 mice described
by Milano and colleagues have been subjected to aortic banding and myocardial infarction.
While high-density overexpression of the �2-adrenergic receptor worsened cardiac func-
tion after aortic banding [54], it rescued some of the consequences of myocardial infarction
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[55]. This high level of �2AR-overexpression clearly negatively affected the development
of heart failure in several genetic heart failure models. Both in mice with cardiac overex-
pression of G�q [58] and in mice carrying a mutation for cardiac troponin T [57], high-
level overexpression of the �2AR led to further impairment of cardiac structure and func-
tion. However, if lower levels of �2AR-overexpression were used (30-fold), beneficial
effects of �2AR-overexpression could be demonstrated in the same model [56].

These observations were confirmed by a study of Liggett and co-workers who com-
pared different levels of �2AR overexpression on cardiac structure and function in
transgenic mice [58]. This study shows that moderate (50-fold) overexpression was well
tolerated, while very high densities of transgenic �2AR receptors (350-fold) induced car-
diac pathology. Thus, for the purpose of enhancing cardiac function by �2ARs, there seems
to exist an optimum of �2AR overexpression with higher levels being detrimental.

TARGETS OF �-ADRENERGIC RECEPTOR STIMULATION

Although no direct comparison of cardiac overexpression of the �1- or the �2-adrenergic
receptors has so far been done using identical mouse strains, the findings reported so far
suggest remarkable differences between the two �-receptor subtypes.

The classic cAMP-signaling cascade is common to both receptor subtypes. Thus, if
these differences are indeed true, they must be due to other receptor-specific signals. One
obvious possible explanation is that these differences might be artifacts of overexpression,
which might result in erroneous localization or protein coupling and tell us very little
about the endogenous receptors. This caveat aside, a more interesting explanation might
be provided by the different nonclassic signaling pathways previously discussed, which
appear to be receptor-specific. In particular, coupling of the �2-subtype to Gi may represent
a potential protective signal that may be related to activation of alternative pathways
including the activation of MAP-kinases [24,59,60]. Third, distinct temporal and spatial
compartmentation of the classic cAMP pathway (see previous text) might explain why
cAMP generated by the �1-receptor might be different from cAMP generated by the
�2-receptor [61].

Whether these potential differences can actually be demonstrated under strictly iden-
tical conditions, and whether they are actually due to such differences in intracellular
signaling, remains to be proven. However, the potential clinical implications are obvious.
For example, it might suggest that �1-selective antagonists might be superior to nonselec-
tive blockers in heart failure, because they would leave the �2-receptor operational, or
�1-antagonists with agonistic activity at the �2-subtype might be even better. On a more
experimental level, increasing the expression of �2-receptors either by means of gene
transfer or by increasing the expression of the endogenous receptors might also turn out
to be beneficial [53].

Continued stimulation of cardiomyocyte �-adrenergic receptors through infusion of
�-adrenergic agonists [62], deletion of presynaptic norepinephrine-release controlling �2-
receptors [63], or overexpression of the �1AR [47,48] in animal models (see above) leads
to cardiac hypertrophy and remodeling that results, eventually, in clinically overt heart
failure. Some of these effects could also be demonstrated in isolated primary cardiac
myocyte cultures, in which chronic stimulation of the �1AR, but not of the �2AR lead to
cardiomyocyte hypertrophy [64]. Despite the clarity of the results of these trials, it is still
unclear what the precise signaling mechanisms are to explain these observations. Potential
candidates that have been discussed for these effects include the induction of apoptosis
[65], abnormal calcium-handling of the cardiomyocyte [49] and the sodium-proton-ex-
changer (NME) [66] (Fig. 2).
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Figure 2 Calcium cycling in cardiac myocytes and regulation by PKA. Abbreviations: AC,
adenylyl cyclase; RYR, ryanodine receptor; PLB, phospholamban; SERCA, sarcoplasmic
reticulum calcium ATPase; CaM, calmodulin; CaMK, calmodulin-dependent kinase; CaN,
calcineurin; GRK, G protein coupled receptor kinase; NCX, sodium-calcium exchanger;
NHE, sodium-proton exchanger; PP, protein phosphatase. (Adapted from Ref. [4])

Induction of cardiomyocyte apoptosis by �-adrenergic stimulation was first de-
scribed by Communal and colleagues [65], who found apoptotic cell death after stimulation
of isolated rat cardiomyocytes with high doses of isoproterenol. In a follow-up study, the
same authors described that the �1- and the �2-adrenergic receptor subtypes mediate oppos-
ing effects on cardiomyocyte apoptosis, with the �1-subtype being proapoptotic and the
�2-subtype mediating antiapoptotic effects [67]. These results have been confirmed by
several groups [68–70], including the studies of Xiao and co-workers [70], who isolated
adult cardiomyocytes from �1-/�2-receptor double knockout mice and reintroduced the
individual receptor subtypes by adenoviral gene transfer, resulting in ‘‘pure’’ �1- and
�2-receptor expressing myocytes. While all these studies suggest that �1-stimulation in-
duces apoptosis and that concomitant �2-stimulation has a protective effect, they differ
as to the responsible intracellular signaling pathway. Whereas Communal and colleagues
found �2-mediated stimulation of p38 MAP-kinase to be responsible for the antiapoptotic
effect [59], Xiao and co-workers, identified activation of Akt-kinase via Gi as the crucial
mediator [70]. Recently, the Colucci group demonstrated that the proapoptotic effect of
�1-receptor stimulation was largely dependent on the formation of reactive oxygen species
[71], while results from the Xiao-group imply PKA-independent activation of CaMK [72].
These in vitro studies are paralleled by findings in transgenic mice where �1-adrenergic
receptor and G�s-overexpression led to a dramatic increase in cardiomyocyte apoptosis
[47,73].

In conclusion, a picture emerges that clearly links chronic �1-receptor activation to
cardiomyocyte apoptosis and suggests antiapoptotic properties for the �2-subtype. How-
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ever, the mechanistic link between receptor stimulation and apoptosis remains controver-
sial. Nor is it clear whether �1-receptor-mediated apoptosis really matters for the progres-
sion of heart failure. A study investigating the model of pacing-induced heart failure in
dogs, a model characterized by very significant cardiomyocyte apoptosis, demonstrated
that �-blocker treatment reduced apoptosis [74]. Thus, the issue of �1-receptor-mediated
apoptosis will remain an active area of research.

Functionally, the most important cardiac protein phosphorylated by PKA is phospho-
lamban (PLB), a 52 amino acid phosphoprotein that controls SR-Ca2�-uptake by inhibiting
SERCA (sarcoplasmic reticulum calcium ATPase)-function [13]. PKA-mediated phos-
phorylation of PLB on Ser16 results in disinhibition of SERCA-function, thus causing
enhanced calcium uptake into the SR (positive lusitropic effect of �1-receptor stimulation).
Interestingly, the positive lusitropic effect of �-adrenergic receptor stimulation was origi-
nally described to be completely absent in PLB-knockout mice [75]. Later, however, this
view was modified because under lower external calcium concentrations the lusitropic
and inotropic effect of �-adrenergic stimulation reappeared [76]. The relative contribution
of phospholamban to diastolic calcium removal seems to be significantly lower in larger
mammals compared with rodents [77]. In larger mammals the sarcolemmal sodium-cal-
cium-exchanger mediates up to 30% of diastolic calcium extrusion, and the role of the
exchanger becomes more important in failing hearts [78–80].

Even though phosphorylation of phospholamban is a major effector of PKA in
cardiomyocytes, several lines of evidence suggest that it is not responsible for the detrimen-
tal effects of chronic �-adrenergic stimulation. Most importantly, knockout of phospholam-
ban rescued several, but not all [81,82], heart failure models and also had remarkably
beneficial effects in �1-adrenergic receptor transgenic mice [85]. Thus, even with an inhibi-
tory effect of PKA-phosphorylation on phospholamban function, complete inhibition of
phospholamban by deletion of the gene can rescue �-adrenergically induced hypertrophy
and heart failure. This suggests that inhibition of phospholamban by PKA cannot be the
culprit for the detrimental effects of chronic �-adrenergic stimulation. In line with these
observations, gene therapy approaches applying both inhibition of phospholamban [84,85]
and augmentation of SERCA-expression [86,87] have been shown to remarkably amelio-
rate the failure phenotype in vitro and in animal models of heart failure. Phospholamban
mutants have also been found in humans. Recently, a mutation of the phospholamban
gene leading in its heterozygous state to impaired inhibition of the wild-type allele (and
thus to impaired PKA-stimulation of SERCA), has been demonstrated to cause heart failure
in a family with hereditary cardiomyopathy [88]. In contrast, Haghighi and colleagues
recently described a human phospholamban mutation coding for a premature STOP-codon
to cause heart failure both in the heterozygous and the homozygous state [89]. At present,
it is unclear how these findings can be integrated with the data obtained in animals, except
for the notion that any form of altered phospholamban function might be detrimental.

Recently, ryanodine receptor (RyR) hyperphosphorylation has been implicated in
the pathogenesis of heart failure [16]. The authors found the RyR-receptor complex to be
hyperphosphorylated by PKA, together with an increased open probability in failing human
cardiomyocytes. However, others have more recently attributed the PKA-induced increase
in sarcoplasmic Ca-release entirely to an indirect mechanism occurring through phospho-
lamban phosphorylation [90], and RyR hyperphosphorylation in heart failure has also been
disputed [91]. Thus, the regulation of RyR-function by PKA and its role in the pathogenesis
of heart failure await further clarification [92].

Opening of the L-type Ca-channel by PKA-mediated phosphorylation serves both
as a source of cytosolic calcium and (functionally dominating) as a trigger for SR-calcium-
release through the RyR [79]. Although the whole-cell L-type Ca-current appears to be
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unaltered in heart failure, a markedly increased open probability has been described by
single-channel recordings of individual channels at non-T-tubular localization [93]. Further
PKA targets are myosin binding protein C (MyBPC) and troponin I located at the contrac-
tile apparatus. Phosphorylation of MyBPC may release an inhibitory effect of the
N-terminal domain on myosin actin interaction [18], but its role in cardiac function remains
unclear. Phosphorylation of troponin I enhances relaxation due to a reduction of myofila-
ment sensitivity to calcium [94]. Functionally, this effect is overcome during systole by
the massive increase of cytosolic calcium [77]. A functional imbalance between signaling
elements that increase diastolic calcium (Ca2�-channel, RyR, partly also NCX (sodium-
calcium exchanger) and those that reduce it (SERCA, possibly also NCX) would elevate
cytosolic free Ca2�, as shown in failing cardiomyocytes [95]. It appears possible that this is
a final pathway of many alterations that lead to heart failure. What might be the downstream
mechanisms exerting the detrimental action of cytosolic calcium? During the last few
years, a multitude of experimental results has refined our picture of how enhanced calcium
levels might chronically harm cardiomyocytes (reviewed by Frey and colleagues [96]).
Specifically, activation of calcineurin [97] and the calmodulin/CaM-kinase [98] pathway
appear to be critically involved in Ca2�-mediated cardiomyocyte hypertrophy.

Phosphatase activity has traditionally been regarded as an essentially unregulated
mechanism, but recent evidence supports a more active role for phosphatases in cardiomyo-
cytes [99]. First, phosphatase 2A has been found in �2-receptor- ‘‘signalosomes’’ in neu-
rons [44], and also together with the RyR-receptor at the T-tubular junction of the SR
[16]. Second, heart failure is accompanied by an increase in global protein phosphatase
(PP) activity [99]. Increased dephosphorylation is expected to aggravate the imbalance
between phosphorylation and dephosphorylation resulting in a net decrease in steady-state
phosphorylation of target proteins. An interesting link between PKA and PP1, the main
protein phosphatase in the heart, is a small heat-stable PKA-substrate, the protein phospha-
tase inhibitor-1, (PPI-1). PPI-1 inhibits PP1 only in its PKA-phosphorylated form, and
recent studies indicate that PPI-1 exerts an amplifier role in �-adrenergic signaling in
cardiomyocytes [100,101]. PPI-1 mRNA, protein, and phosphorylation levels have been
found to be reduced by 50%, 60% and 80%, respectively, in failing human hearts [101,102].
The reduction in PPI-1 can well explain the discrepancy between unchanged PP1-protein
expression and increased global PP1 activity in failing hearts [99]. Furthermore, expression
of a constitutively active inhibitor rescued function of isolated cardiomyocytes from failing
hearts [100]. These observations suggest that PPI-1, via loss of its amplifier role, partici-
pates in �-adrenergic desensitization in heart failure. It will be interesting to delineate the
downstream targets of this regulatory mechanism, i.e., to identify the proteins whose
phosphorylation is most sensitive to control by PPI-1.

There is now increasing evidence, that the cardiac isoform of the sodium-proton-
exchanger family is critically involved in the detrimental effects of �1AR signaling. Al-
though acute �-adrenergic receptor stimulation may inhibit NHE1 [103], its activation
seems to play a major role in mediating the long-term hypertrophic response to �-adrener-
gic stimulation. In �1-adrenergic receptor transgenic mice, NHE1 is upregulated, and
pharmacological NHE1-inhibition prevented the development not only of hypertrophy and
fibrosis, but also of heart failure in these mice [66]. Thus, cardiac NHE1 appears to be
essential for the detrimental cardiac effects of chronic �1-receptor stimulation. It may do
so either by serving as a direct downstream target of sustained �1-adrenergic receptor
activation, or by playing a permissive role in the propagation of a detrimental signal that
remains to be determined. The mechanism(s) by which NHE1-inhibition exerts its protec-
tive effect on �1-adrenergic receptor induced cardiac hypertrophy is still unclear and an
area of active investigation, but increasing evidence points toward a critical role of en-
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hanced intracellular sodium concentration through NHE1 in cardiac hypertrophy [104].
Candidates for regulation of NHE1 involve Ca2�-calmodulin dependent activation [105]
and transcriptional up-regulation of the NHE1-gene [66].

CHANGES OF �-ADRENERGIC SIGNAL TRANSDUCTION IN HEART
FAILURE

For almost two decades, the perception of �-adrenergic signaling in heart failure was
dominated by the fact that it is desensitized in failing human hearts. Desensitization of
�-adrenergic signal transduction in heart failure was first discovered by Bristow and co-
workers [106]. Central findings to explain this phenomenon of reduced responsiveness
to �-adrenergic stimulation were a reduction of the density of �1ARs in failing human
myocardium [106], a decrease of NE–re-uptake [107] and finally an increase in Gi-protein
expression [110] and in GRK2 (�ARK)-activity [109], a receptor kinase that phosphoryl-
ates and thereby inactivates �ARs. Table 1 gives an overview of the changes in protein
expression of compounds of the �-adrenergic signaling system in heart failure. Originating
from the traditional picture of �AR-signaling in the heart, this desensitization process
was interpreted primarily as a loss of inotropy and therefore introduce detrimental for a
compromised heart. As previously detailed, recent evidence supports a different view of
the role of �-adrenergic receptor desensitization. The observed desensitization of �AR-
receptors represents an adaptation process to the highly increased levels of catecholamines
in heart failure. Thus, the �-adrenergic signal transduction cascade is operative, but with
its sensitivity adjusted to high catecholamine levels. [Table 1] This would then have to
be interpreted as a beneficial readjustment of the signaling cascade to minimize the detri-
mental effects of chronic stimulation of the myocardium.

The desensitization pattern of the two main cardiac �AR-subtypes, �1 and �2, is
rather different. While the �1-subtype shows prominent downregulation (by about 50%),
the �2-subtype is nearly unaffected in its density [110]. Remarkably, in cell culture experi-
ments, the �2-subtype desensitizes much faster than the �1-subtype [111]. The reason for
this discrepancy is unknown. The selective loss of the �1AR-subtype in human heart
failure leads to a �1:�2-ratio of approx. 1:1, thus enhancing the relative contribution of
the �2AR-subtype. However, it has to be taken into account that the relevant ligand in
vivo, noradrenaline, which is released by sympathetic nerve endings, is significantly �1-
selective and that noradrenaline levels are enhanced in many heart failure patients. Thus,
the overall signal will still be dominated by the �1-subtype.

Table 1 Changes in Protein Expression of Components of the �-Adrenergic Signaling System in
Heart Failure

�-Adrenergic Signaling Component Change of Expression in Heart Failure

�1-adrenergic receptor ↓
�2-adrenergic receptor ↔
�3-adrenergic receptor ↑
Stimulatory G protein, Gs� ↔↓
Inhibitory G protein, Gi� ↑
Adenylyl cyclase, AC ↔↓
G protein coupled receptor kinase, GRK ↑
SR calcium ATPase, SERCA ↓
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A regulatory mechanism of cardiac �-adrenergic signaling, which has gained major
interest in the recent years, is phosphorylation of the �AR through G protein coupled
receptor kinases (GRKs), which switch off the capacity of an agonist-activated receptor
to activate G proteins [112–114]. After the first description of elevated GRK activity
and GRK2 (synonymous for �ARK1 � �AR kinase1) expression in heart failure [109],
numerous studies have confirmed elevated GRK2 activities in heart failure (reviewed by
Lohse [115]). Elevated GRK activity is often regarded as a major factor contributing to the
progression of heart failure through desensitization of the �-adrenergic signal transduction
pathway. Evidence for this argument comes mainly from studies using a C-terminal peptide
of GRK2 (termed �ARKct) that not only has been demonstrated to effectively block
desensitization of the �AR in vitro [116], but which also proved to be an effective therapeu-
tic agent.

The prevailing view that GRK2-activity is generally detrimental in the heart largely
relies on the perplexing success of a GRK2-peptide (�ARKct) to prevent the heart failure
phenotype in various heart failure models [51,57,117,118]. The ��-scavenging properties
of the �ARKct-peptide results in reduced translocation of GRK2 to the membrane, thereby
reducing receptor-phosphorylation [118]. This inhibition of �AR-desensitization is re-
garded as the protective mechanism that increases inotropy and prevents the internalization
and coupling to ‘‘alternative’’ signaling mechanisms, such as the activation of src-depen-
dent pathways [119].

Much evidence, however, points towards alternative mechanisms of action. First
and foremost, the overwhelming clinical efficacy of �-blockers in the therapy of heart
failure constitutes an obvious paradox to the ‘‘resensitization-hypothesis.’’ In addition,
the phenotype of �1AR-transgenic mice is closely mimicked by G�s and PKA-transgenics,
therefore, with proteins immanent to the ‘‘classic’’ signaling cascade further downstream
of the �1AR. The receptor subtype proven capable of activating the ‘‘alternative’’ signaling
mechanisms, i.e., the �2-subtype, seems to be less detrimental when overexpressed [49,58].

Second, GRK2-transgenic mice obviously do not show signs of overt cardiac pathol-
ogy or heart failure [120]. If enhanced GRK2-function would be a cornerstone of heart
failure pathogenesis, these animals with strong overexpression of GRK2 should display
a dramatic phenotype.

Third, a direct comparison of the beneficial effects of �ARKct and �-blockers in a
transgenic mouse model of heart failure demonstrated that �-blockers conferred a (very
prominent) additional benefit toward the progression of heart failure in addition to �ARKct
alone (and vice versa), suggesting a unrelated mechanism of action for both therapeutic
principles [118].

And finally, the protective actions of �ARKct can be closely reproduced by other
��-binding proteins such as phosducin which is a abequitous G protein resetator. Cardiac
overexpression of a phosducin-mutant led to quantitatively indistinguishable beneficial
effects on heart failure progression in a rabbit model of heart failure [121].

Thus, the beneficial effects of the �ARKct-peptide might be significantly due to
inhibition of ��-mediated signaling pathways rather than pure resensitization of the �AR-
system. According to this view, the beneficial effects of �ARKct might be achieved not
through but rather despite resensitization of the �1-adrenergic receptor. Both �-blockade
and �ARkct might therefore be used as complimentary therapeutic principles for the
treatment of heart failure.

�-BLOCKERS AS THERAPEUTIC PRINCIPLE IN HEART FAILURE

�-adrenergic receptor blockade is now regarded as the single most effective therapeutic
principle in heart failure treatment [122]. Despite the discovery of antagonists for the
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�-adrenergic receptor almost half a century ago by Sir James Black and co-workers and
their rapid introduction into clinical practice, �-blockers have been introduced into the
treatment of heart failure only recently. As previously detailed, the reasons underlying
this discrepancy are most probably due to the fact that short-term hemodynamic improve-
ment was long regarded as a surrogate parameter of therapeutic effectiveness of a drug
in heart failure. In addition, a major focus of �-adrenergic research focused on desensitiza-
tion of cardiovascular �-adrenergic signaling in heart failure and on ways how to preclude
this. Much credit is owed to a small group of Scandinavian cardiologists, who followed
their own concept and started to treat small numbers of heart failure patients with �-
blockers in the late 1970s [123]. It took a very long time for these pioneering studies to
result in a large mortality trial [124]. From then on several large trials, among them some of
the largest heart failure trials ever conducted, showed a marked benefit for this therapeutic
principle in the treatment of heart failure [125,126].

As ACE (angiotensin-converting enzyme)-inhibitors had been successfully intro-
duced into heart failure therapy in the meantime, the effect of �-blocker treatment in heart
failure had to be tested not vs. placebo, but vs. the established treatment regime, including
ACE-inhibitors. Despite this, �-blockade lead to impressive reductions of mortality (rang-
ing from 35% to 60% [124–126]), with larger effects than ACE-inhibitors tested vs.
placebo. In contrast to ACE-inhibitors, �-blockers not only reverse remodeling, but also
increase systolic function after several months of treatment [127].

Obvious questions, such as how would �-blockade alone vs. placebo perform, or
whether ACE-inhibitors would achieve a significant reduction in mortality on the back-
ground of �-blockade, have not been tested. Exciting evidence pertaining to these questions
may be expected from CIBIS III, a trial containing a patient group that starts treatment
for heart failure with the �-blocker bisoprolol alone, in the absence of ACE-inhibition. The
competitive antagonism of �-blockers leads to–as expected from a dynamically regulated
system–reversal of the agonist-induced desensitization processes, including upregulation
of decreased �-receptor levels. Whether or not this phenomenon has meaningful effects
remains to be defined.

Several large clinical trials with carvedilol, metoprolol, and bisoprolol have demon-
strated a significant benefit in large placebo-controlled trials Chapter 13 [124–126]. On
the contrary, two �-blockers (xamoterol and bucindolol) have failed to significantly reduce
mortality or even increased mortality [128,129]. How might this be explained? The most
likely explanation for the failure of xamoterol is the pronounced partial agonism exerted
by this agents [130]. In the sensitive setting of �1-adrenergic receptor transgenic mice,
the potency of xamoterol to activate the �1AR actually amounts to 48% of the full agonist
isoproterenol [130]. Therefore, xamoterol acts as an agonist under nearly all circumstances
in vivo, leading to chronic �1AR-signaling and its negative consequences. The situation
is different for bucindolol. Bucindolol led to a nonsignificant reduction of mortality in
the BEST trial. Two main reasons might account for this finding. First, the study population
of the BEST trial differed markedly from the other big heart failure trials. It included
a high percentage of African-Americans and of women, and both of these groups are
underrepresented in other trials [130]. In both groups, the beneficial effects of �-blockade
were less pronounced compared with the effects in Caucasians [128]. Second, bucindolol
might display some degree of partial agonism. This has been shown not only in several
animal species, but recently for the human �1-adrenergic receptor [131,132]. The reason
why this property of bucindolol has not been detected in prior studies investigating bucin-
dolol, may be attributed to the dependency of its partial agonist activity on the desensitiza-
tion level of the receptor [132,133]. Thus, in myocardium from failing human hearts with
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desensitized �-receptors, bucindolol does display its partial agonist activity only after prior
resensitization [132].

Given that partial agonism of �-blockers appears to be detrimental in heart failure,
a property that might further contribute to their clinical efficacy is inverse agonism at the
�1-adrenergic receptor. �-adrenergic receptors show some degree of spontaneous activity,
i.e., signaling in the absence of agonist. Under the assumption that every chronic
�1-adrenergic signal is detrimental for a diseased heart, �-blockers with inverse agonistic
activity might be expected to be superior to �-blockers devoid of inverse agonism. Both
metoprolol and bisoprolol–but not propranolol, xamoterol, and bucindolol–have recently
been shown to exert inverse agonism at the �1AR [130,134], showing a positive correlation
of inverse agonism and clinical efficacy.

Carvedilol, however, does not possess this property, but has numerous other effects
such as �1AR-blocking and antioxidative effects. Thus, at present, the contribution of
inverse agonism at the �1AR to the clinical efficacy of a �-blocker is unclear. Carvedilol,
as an unselective �-blocker with multiple other pharmacological effects, has recently been
compared with the �1-selective metoprolol in one of the largest clinical heart failure trials
to date, COMET [135]. Carvedilol showed a 6% higher reduction in overall mortality
(17% higher relative to metoprolol). It is difficult to draw a final conclusion from this
study because carvedilol was compared with metoprolol-tartrate and not with the slow-
release formulation metoprolol-succinate, which is the formulation proven to be effective
in heart failure trials [126]. In addition, the dosage of carvedilol led to a significantly
greater reduction of heart rate (short-term) and blood pressure (long-term) than did meto-
prolol. Thus, unequal dosage of the two agents relating to their �-blocking efficacy cannot
be excluded. What can be concluded from this study is that at least 83% of the reduction
in mortality through carvedilol is achieved through blocking chronic �1AR-signaling.

MUTATIONS IN ADRENERGIC RECEPTOR GENES LEADING TO
ALTERED SIGNALING PROPERTIES

In addition to the general principles of receptor regulation and dysregulation in health
and disease there is increasing evidence that genetic polymorphisms of key proteins of
the �-adrenergic signaling cascade can significantly influence the signaling properties of
this system in individual patients [136,137]. Both the �2-adrenergic receptor as the princi-
pal presynaptic regulator of noradrenaline-release and the �-adrenergic receptors as the
principal effectors have been extensively studied, and numerous polymorphisms with po-
tential significant clinical impact have been identified (Fig. 3). Among the multitude of
receptor polymorphisms discovered to date, three appear to be of special relevance for
the pathophysiology and treatment of heart failure. All three go in line with the hypothesis
that enhanced �1-adrenergic signaling is detrimental for the heart.

Among the presynaptic �2-receptors, a deletion mutant of the �2C-subtype has been
shown to be significantly associated with both enhanced noradrenaline release and the risk
of developing heart failure [138,139]. Similarly, a hypofunctional �1-adrenergic receptor
mutant (Gly389) has been associated with a better prognosis in heart failure patients. In
CHO-cells transfected with the different receptor mutants, the Arg389 variant displayed
a three-fold higher �-adrenergic-stimulatory adenylyl cyclase activity than the (less com-
mon) Gly389 variant. Whereas it is not undisputed whether the Arg389 polymorphism of
the �1-adrenergic receptor alone leads to a markedly increased risk per se [140], combina-
tion with the �2C-deletion mutant has been demonstrated to significantly enhance the risk
of heart failure [138]. Thus, the combination of disinhibited noradrenaline-release and a
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Figure 3 Important receptor polymorphisms potentially involved in heart failure. Three
receptor polymorphisms of the �-adrenergic receptor system, that have been linked to heart
failure prognosis.

hyperfunctional �1-adrenergic receptor leading to a chronic enhancement of the �-adrener-
gic signaling cascade, increases the risk of developing heart failure, with about 2% of the
general population carrying this combination.

Less than 3% of the average population are heterozygous carriers of the Ile164
variant of the �2-adrenergic receptor. In contrast to the Arg389 polymorphism of the
�1-adrenergic receptor, this variant is hypofunctional with impaired agonist binding and
adenylyl cyclase activation [141]. Comparison of the ‘‘wild-type’’ Gly164 �2-adrenergic
receptor and the Ile164 variant when overexpressed in the hearts of transgenic mice,
confirmed this notion with the hypofunctional Ile164 transgenics being not significantly
different from wild-type animals [142]. In principle, these findings can be reproduced
after �-agonist-application in humans and the 164Ile mutant of the �2-adrenergic receptor
might be associated with decreased survival in heart failure [136].

Thus, the clinical data from the three best characterized variants of the �AR-signal
transduction system support the experimental evidence that chronic �1-adrenergic signal-
ing is detrimental and �2AR-signaling might be protective. It is reasonable to expect that
our picture of genetic variations in receptors and other key proteins of the �-adrenergic
signaling cascade will soon be refined with more variants to be discovered and more
reliable clinical data to be obtained. This might, in the not too distant future, lead to
individualized treatment regimens that take into account which patients will profit the
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most from �-blockade, and which patients will benefit most from alternative therapeutic
regimens.
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Heart failure (HF) remains an important public health problem affecting an estimated
5 million people in the United States. The prevalence of heart failure is increasing, with
about 750,000 new HF cases diagnosed each year [1,2]. It is estimated that heart failure
accounts for about 6.5% of the nation’s total health care budget and results in more than
$20 billion in health care administration cost [2,3].

As heart disease progresses to heart failure, the heart size increases, cardiac function
deteriorates and symptoms of HF become evident. This clinical syndrome is, in fact, the
result of changes to the heart’s cellular matrix and molecular components as well as to
the mediators that drive hemostatic control. Ventricular remodeling encompasses many
such changes and is defined by the International Forum on Remodeling as genomic expres-
sion that results in molecular, cellular, and interstitial changes and is manifested clinically
as changes in size, shape, and function of the heart resulting from cardiac load or injury[4].

Ventricular remodeling can be either pathological or physiological [4]. Pathological
remodeling may occur after myocardial infarction, with pressure overload (hypertension or
aortic stenosis), in inflammatory myocardial disease (myocarditis), with idiopathic dilated
cardiomyopathy, or with volume overload (valvular regurgitation). Pathological remodel-
ing appears to result from failed attempts to compensate for loss of contractile function.
Initial ventricular dilatation and hypertrophy are compensatory changes that may ultimately
progress to heart failure. Physiological remodeling, however, is a compensatory change
in the proportions and function of the heart, such as can occur in athletes.

PATHOGENESIS OF VENTRICULAR REMODELING

Etiologies of remodeling may vary but they share many common pathways in terms
of mechanical, biological, and molecular events. Although cardiac myocytes are thought to
be the major target of these events, other components, such as the interstitium, fibroblasts,
collagen, and coronary vasculature, also play an important role in adverse cardiac remodel-
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ing. Neurohumoral activation, hemodynamic load, and other factors also influence the
process of remodeling.

Adverse ventricular remodeling most frequently occurs after myocardial infarction.
In postinfarct animal models and in humans, LV (left ventricle) remodeling usually begins
as early as the first few hours postinfarction and progresses over time [5–8]. Processes
that occur postinfarction leading to ventricular remodeling include: lengthening of cardio-
myocytes with resultant myocyte slippage [6–10], ventricular wall thinning [6–10], infarct
expansion [6,11–13], followed by inflammatory response and reabsorption of necrotic
tissue [6] leading to scar formation. Continued expansion of infarct zone [13] leads to LV
deformation and dilatation [6,9,13]. Compensatory myocyte hypertrophy in noninfarcted
regions ensues [6,9,10,12], and there is excessive accumulation of collagen in the cardiac
interstitium [14].

Although the precise mechanisms of all the pathways and cells involved in LV
remodeling remain unclear, the following general scenario has been proposed at a molecu-
lar level. With stretching of the myocytes, local norepinephrine activity, angiotensin II
and endothelin release are augmented. These changes, in turn, stimulate expression of
altered proteins and myocyte hypertrophy. This sequence of events leads to further deterio-
ration in cardiac performance and increased neurohormonal activation. In addition, colla-
gen synthesis is stimulated by the increased activation of aldosterone and cytokines, which
leads to fibrosis and remodeling of the extracellular matrix [4].

FUNCTIONAL CHANGES

The initial remodeling phase after a myocardial infarction (MI) is characterized by
repair of the necrotic area with scar tissue formation. These changes may, to some extent,
be considered beneficial since there is an improvement in or maintenance of LV function
and cardiac output [15,16]. However, the cellular rearrangement of the ventricular wall
is associated with hypertrophy of the remaining noninfarcted myocardium, LV dilatation,
and a significant increase in LV volume. These changes might augment LV function early
on but this beneficial effect is transient, and at some point the hypertrophied myocardium
fails and progressive ventricular dilatation ensues.

The time, course, and extent of remodeling are influenced by a variety of factors
including the severity of the underlying disease, secondary events (e.g.; recurrent is-
chemia), neuroendocrine activation, genotype, and treatment [6,17,18]. In postinfarct ani-
mal models and humans following myocardial infarction, the extent of remodeling is
roughly related to infarct size [18,19]. In a human study, left ventricular end-diastolic and
end-systolic volumes increased progressively from hospital discharge to 1 year after an
initial, moderately large, anterior wall transmural infarction, but remained stable in patients
with an initial small, inferior wall infarction [18] (Fig. 1). In patients with progressive
postinfarction dilatation, the end-systolic volume index increases progressively and LV
ejection fraction (LVEF) declines, due in part to loss of function in initially normally
contracting myocardium [9,13]. All these changes are important predictors of all-cause
mortality [20](Fig. 1).

Diastolic dysfunction and changes in the passive elastic properties of the ventricular
walls have been well documented in a rat postinfarction heart failure model. The pressure-
volume relationship is displaced rightward with a profound increase in operating end-
diastolic volume [1]. The degree of LV remodeling after MI has also been found to be
age-dependent in a rat model [21] of heart failure.

Antecedent hypertension has been found to be associated with more extensive ven-
tricular remodeling and the development of HF after a myocardial infarction. This was
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Figure 1 The relationship between left ventricular size as assessed by the left ventricular
end-diastolic dimension (LVEDD) and left ventricular end-systolic dimension (LVESD) fol-
lowing acute myocardial infarction and survival. Ml, milliliters; M2, meters2. (From Ref. 19a.)

demonstrated in a series of 1093 post-MI patients, where hypertensive patients were found
to have significantly higher plasma levels of neurohormones and significantly greater
increase in LV volumes (i.e., remodeling) at 5 months post-MI. Improvement in LVEF
was observed in normotensive patients at 5 months post-MI, whereas hypertensive patients
were found to be at an increased risk of developing HF requiring hospitalization at a mean
follow-up of 2 years [22].

NEUROHORMONAL ACTIVATION

Neurohormonal activation is an important cause of ventricular remodeling
[17,23–26,26a]. Although initially adaptive, neurohormonal activation may be deleterious
over the long-term, in part by contributing to pathologic remodeling [27]. With HF progres-
sion, gradual increases in the release of renin, norepinephrine, and antidiuretic hormone
occur that are proportional to the severity of the cardiac dysfunction [25,27](Fig. 2). Plasma

Figure 2 Heart failure leads to release of neurohumoral factors such as renin, norepineph-
rine, and ADH, resulting in further heart failure progression.
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norepinephrine levels are elevated in both asymptomatic left ventricular dysfunction and
overt HF [24,25] and higher levels of circulating plasma norepinephrine correlate with a
poorer long-term prognosis [23,25,28]. Plasma BNP (brain natriuretic peptide) concentra-
tions are also increased in HF patients and correlate with symptom severity and prognosis
[29]. In contrast to the deleterious effect of angiotensin II and norepinephrine, BNP release
from cardiac myocytes in the failing heart may protect against pathologic remodeling [30].

Many human studies have revealed that the angiotensin converting enzyme (ACE)
inhibitors improve survival in HF by slowing and in some cases even reversing certain
parameters of cardiac remodeling [31–33]. Both systemic and locally generated angioten-
sin II are believe to participate in this process, which in part acts via alterations in gene
expression [34–37]. It appears to be an important mediator of the cellular responses to
stretch, with local production by cardiac myocytes [38]. In human myocardial tissue, ACE
is markedly increased at the edge of the infarct scar [39], while in an animal model, there
is increased expression of angiotensin 1 (AT1) receptor mRNA in noninfarcted viable
areas [40]. AT1 receptors have been identified on cardiac myocytes and human fibroblasts
cultured from cardiomyopathic and ischemic hearts [41,42]. Acting through these AT1
receptors, angiotensin Il increases protein synthesis and induces hypertrophy in cardiac
myocytes [36,38] and collagen synthesis by fibroblasts [38,43,44], an effect that can be
reduced by ACE inhibition [45].

Harada and colleagues demonstrated that more marked LV enlargement and remod-
eling occurs in wild-type mice than in AT1A receptor knockout mice following a large
myocardial infarction. In this study, all of the wild-type mice developed HF compared
with none of the knockout mice [40]. Further support for the role of the cardiomyocyte
AT1 receptor in cardiac remodeling comes from the observation that transgenic mice
with overexpression of the AT1 receptor limited to the cardiac myocyte, develop cardiac
hypertrophy and remodeling without a change in the systemic blood pressure [45]. Animal
models have shown that remodeling is minimized or, in established disease, reversed by
angiotensin II receptor antagonists, which block the AT1 receptor [46,47]. The clinical
importance of angiotensin mediated remodeling has been demonstrated with the observa-
tion that the AT1 receptor antagonist valsartan was equally effective to the ACE inhibitor
captopril in preventing mortality and hospitalization for heart failure in patients with a
myocardial infarction complicated by LV dysfunction. [47a]

Aldosterone secretion is enhanced by angiotensin II, which may also participate in
adverse remodeling. Aldosterone extracted by the mineralocorticoid receptors in hearts
after a myocardial infarction, and the secondary hyperaldosteronism state commonly seen
in HF, may contribute to the postinfarction remodeling via stimulation of collagen synthesis
by myocardial fibroblasts [48], hence, resulting in myocardial hypertrophy and fibrosis
[49–51]. Aldosterone has also been shown to activate matrix metalloproteinase 12 (MMP-
12) [elastase], which could contribute to further degradation of the cytoskeletal support
structure. Spironolactone, which competes for the mineralocorticoid receptor, can reduce
fibrosis and, therefore, influence remodeling [52, 52a].

Myocytes stretch in HF also stimulates an increase in local production or release of
norepinephrine, BNP, and endothelin. These neurohormonal changes stimulate protein
expression and myocyte hypertrophy. Increases in angiotensin II, aldosterone, and cyto-
kines stimulate collagen synthesis, which leads to fibrosis, resulting in remodeling of the
extracellular matrix. The end result is further deterioration in cardiac performance and
increased neurohormonal activation.

Stretch sensors located on the cell membrane respond to deformation of the cell
membrane and include: (a) integrins; a family of membrane proteins linking the cytoskele-
ton to the extracellular matrix; (b) stretch-activated ion channels (SACs) (c) Na�/H�
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exchangers; and (d) heterotrimeric G proteins [52b,52c,52d,52e,52f].Although the exact
mechanisms remain incompletely understood, these stretch sensors, when activated, induce
a number of signaling pathways involved in the remodeling process [52f]. There are three
major signaling pathways that are stretch mediated: (a) P13-K dependant signaling; (b)
JAK/STAT signaling; and (c) calcium mediated stretch-activated channels [52f,52g].

CELLULAR AND SUBCELLULAR CHANGES IN REMODELING

The cellular and subcellular basis for remodeling is of critical importance, and not
completely understood. A number of subcellular and cellular changes, including extracellu-
lar matrix degradation, myocyte hypertrophy, loss of myocytes due to apoptosis [53–55]
or necrosis [56], fibroblast proliferation [57] and fibrosis [58,59], are thought to play key
roles in remodeling. (Fig. 3)

EXTRACELLULAR MATRIX DEGRADATION

The components of the myocardium involved in the remodeling process include the
cardiac myocytes and the extracellular matrix (ECM), which provides the scaffolding to
maintain normal myocyte architecture. The extracellular matrix is composed of basement
membrane proteoglycans and fibrillar collagen, particularly subtypes I and III. Mainte-
nance of myocyte shape, alignment, and architecture is critically dependent on the support-
ing extracellular matrix. Recent evidence has demonstrated that the ECM plays an active
role in the remodeling process by not only providing structural support proteins but also
as an important interface for cellular signaling. In particular, integrins, a family of trans-
membrane proteins, appear to be critically important in the transduction of extracellular
signals as well as being anchors for cellular adhesion in the ECM [60]. In response to
myocardial injury and decreased contractile dysfunction, a number of cellular, biomechani-

Figure 3 Schematic of factors involved in the remodeling process.
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cal, and humoral factors, particularly cytokines, such as tumor necrosis factor (TNF-�) and
interleukin-1, are activated, leading to modulation of matrix metalloproteinase activation.
Matrix metalloproteinases are an important family of enzymes that help shape remodeling
in several disease states [61,62]; at least 20 different matrix metalloproteinases have been
identified, including collagenases, gelatinases, and stromelysins and membrane-type
metalloproteinases.

The release and activation of matrix metalloproteinases are mediated by biomechani-
cal factors and neurohumoral/cytokine activation. Matrix metalloproteinases cause extra-
cellular matrix degradation, which results in the weakening of the myocyte and myofibril
scaffolding network. Inevitably, this degradation of the support scaffolding leads to myo-
cyte stretch, with lengthening and thinning of the myocyte and myocyte ‘‘slippage’’ or loss
of the normal myocyte architecture [63–67]. These changes lead to ventricular thinning and
infarct expansion, which may lead to wall stress and, in turn, promote further structural
remodeling.

MYOCYTE HYPERTROPHY AND APOPTOSIS

Hypertrophy of the surviving myocytes is an important adaptive response to loss of
contractile function. The processes, which lead to myocyte hypertrophy, are complex,
involving several cellular signaling pathways (Chapter 2). Both neurohormonal and me-
chanical factors play important roles in stimulating myocyte hypertrophy. A decrease in
cardiac function leads to increased levels of norepinephrine and activation of the renin-
angiotensin system, leading to release of angiotensin II. Both norepinephrine and angioten-
sin II stimulate myocyte hypertrophy. Mechanical stress, such as increased stretch or
tension resulting from changes in load, also plays an important role in the hypertrophic
response. Angiotensin II and mechanical stress induce a number of cellular signaling
pathways important in the development of cellular hypertrophy. Both angiotension II and
mechanical stress stimulate the release of endothelin-1, which is a vasoactive peptide
released by endothelial cells. In turn, endothelin-1 activates a family of enzymes called
mitogen-activated kinases (MAP kinases), which mediate the cellular pathways leading
to hypertrophy. In addition to the signaling pathways mediated by endothelin-1 and MAP
kinases, the gp130 and calcineurin-mediated signaling pathways also appear to play impor-
tant regulatory roles in myocyte hypertrophy [65, 67–69](Fig. 4).

Hypertrophy of the noninfarcted myocardium is an important early adaptive mecha-
nism to loss of contractile function and initially results in compensated function. However,

Myocyte Hypertrophy

Figure 4 Schematic showing the mediators of myocyte hypertrophy.
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at some critical stage that is not yet fully understood, these prohypertrophic signaling
mechanisms may be downregulated or even exhausted, shifting the signaling balance
from compensation to failure. This loss of contractile function eventually leads to the
development of clinical heart failure. In addition to myocyte hypertrophy, myocyte
apoptosis, in which cells embark on a suicide pathway to death, is increasingly recognized
as playing an important role in the remodeling process [66,70–72]. Apoptosis is induced
when adjacent myocardial necrosis occurs, and appears to be initiated, in part, by cytokines
such as TNF� and oxidative stress [4, 73,74] (Chapter 3). Caspases, a family of serine
proteases, are the intracellular mediators of apoptosis and execute cellular death by cleav-
age of cellular proteins. Caspases are activated in the cardiac myocyte by two main signal-
ing pathways: (i) activation of death receptors on the cell surface, and (ii) apoptotic media-
tors released by mitochondria [66,75–79]. Interestingly, the rate of apoptosis is noted to
be increased in noninfarcted myocardium, although it remains at a relatively low overall
rate [66]. In addition, the rate of apoptosis appears to correlate with degree of ventricular
thinning and dilatation, and development of heart failure [80], suggesting that apoptosis
plays an important role in the remodeling process and its prevention may be an important
therapeutic intervention.

FIBROSIS

The remodeling process induces changes in collagen production of the extracellular
matrix. Fibroblasts are activated by myocardial necrosis, mediated by cytokines released
by myocytes and macrophages. In turn, matrix metalloproteinases released by activated
fibroblasts promote the increase of collagen subtype I and III production, resulting in
fibrosis and scar formation within the necrotic region. There is also evidence that increased
collagen production and subsequent fibrosis occurs in noninfarcted regions as well
[81–83]. The gradual fibrosis of noninfarcted regions contributes to the development of
heart failure.

REMODELING CHANGES ON THE MACROSCOPIC LEVEL

These changes in the extracellular matrix and myocyte architecture lead to changes
at the macroscopic level, which involve ventricular dilatation, ventricular hypertrophy,
and changes in ventricular shape, such as the development of a less elliptical and more
spherical ventricle, and LV scar and LV aneurysm formation. Ultimately, these changes
in the LV geometry result in adverse ventricular mechanics and inefficiencies in ventricular
contraction, further increasing myocardial oxygen demand and wall stress and resulting
in contractile dysfunction and heart failure. With infarction, myocardial necrosis occurs,
with eventual replacement of the necrotic region with scar [84], a process that is generally
completed by 6 to 8 weeks. Shortly following myocardial infarction, ventricular dilatation
of the noninfarcted myocardium occurs. Initially this is an important adaptive response
aimed at maintaining cardiac output via the Frank-Starling mechanism. Ventricular dilata-
tion increases the end-diastolic dimension and allows the ventricle to maintain the same
stroke volume despite loss of contractile function. However, dilatation of the ventricle
results in increased wall stress according to Laplace’s law, which states that wall stress
increases proportionately with the radius of a sphere (Fig. 5A). Increased wall stress leads
to an increase in myocardial oxygen demand, which reduces the efficiency of contraction.
In response to ventricular dilatation and increased wall stress, myocytes hypertrophy lead-
ing to an increase in wall thickness; thus, reducing wall stress back toward normal (Fig.
5B). As ventricular dilatation progresses, however, this adaptive mechanism is eventually
overwhelmed resulting in decreased contractile function and heart failure.
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Figure 5A Illustration of Laplace’s law. Wall stress increases proportionately with the ra-
dius of a sphere.

Continued expansion of infarcted tissue begins acutely after myocardial infarction.
A more gradual remodeling process, however, also involves dilatation of the noninfarcted
regions [4,85], which while initially compensatory, ultimately becomes maladaptive,
changing the normally ellipsoid shape of the LV to a larger, more spherical, and poorly
contracting ventricle (Fig. 6) [8, 86,87].A more spherical LV results in detrimental ventric-
ular mechanics and is associated with an adverse prognosis [4,88–93]. In addition to
global changes in LV shape, segmental deformation, such as LV aneurysm formation,
also produces deleterious effects on LV function. The development of a LV aneurysm is
a serious complication of myocardial infarction and is associated with increased mortality.
The incidence of LV aneurysm post-myocardial-infarction is approximately 10% to 30%
[94–96], although this appears to be decreasing in the era of thrombolytics and primary
angioplasty [97]. An LV aneurysm is defined as a focal area of thinned and scarred
myocardium. Pathologically, this area has no contractile elements and is composed entirely
of scar tissue (Fig. 7). The presence of an LV aneurysm creates an area of noncontractile

Figure 5B In response to ventricular dilation and increased wall stress, cells hypertrophy,
which increases wall thickness to limit increases in wall stress.



Ventricular Remodeling and Secondary Valvular Dysfunction 105

Figure 6 Left ventricular sphericity by echocardiographic imaging. A normal ellipsoid left
ventricle is shown in the left panel. The right panel depicts a patient with multiple myocardial
infarcts whose ventricle has lost the normal elliptical shape and become more spherical.
LV, left ventricle, LA, left atrium; RV, right ventricle; RA, right atrium.

Figure 7 Echocardiographic image of a left ventricular aneurysm. These echocardio-
graphic images show the development of an apical aneurysm in a patient following an
anterior myocardial infarction. The left panel shows mild dilation of the left ventricular apex
2 weeks following infarction. Four weeks following infarction, there has been interval focal
thinning and dilation of the apex (right panel, arrows). LV, left ventricle; LA, left atrium; RV,
right ventricle; RA, right atrium.
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tissue, leading to stagnant blood flow and inefficient LV contraction. The formation of
an LV aneurysm is not only influenced by the molecular and cellular changes initiated
by myocardial injury but also by hemodynamic variables, such as heart rate and loading
of the ventricle [98]. In addition to loss of contractile function and decrease in ventricular
mechanics with the formation of an LV aneurysm, studies have demonstrated decreased
function of the border zones of an LV aneurysm. This may occur because of an increase
in wall stress at the border zone of the aneurysm, resulting in increased myocardial oxygen
consumption, further reducing the efficiency of left ventricular function [99,100]. In addi-
tion to reduction in mechanical function, LV aneurysms are predisposed to the formation
of thrombus and can serve as foci for ventricular arrhythmias.

SECONDARY VALVULAR DYSFUNCTION

The LV remodeling process leads to secondary valvular dysfunction, primarily mitral
regurgitation (MR). Mitral regurgitation in this setting, in which the mitral leaflets are
morphologically normal, is often referred to as functional or ischemic mitral regurgitation
and is characterized by valve leaflets that coapt apically within the left ventricle, restricting
leaflet closure in a pattern known as incomplete mitral leaflet closure (Fig. 8) [101].
Functional mitral regurgitation develops in up to 20% of patients following myocardial
infarction [102,103] and is present in up to 50% of patients with dilated cardiomyopathy
[104–106]. Functional mitral regurgitation is associated with an adverse prognosis; the
development of mitral regurgitation following myocardial infarction nearly doubling mor-
tality [107,108]. This relationship seems to be associated in a quantitative manner, as a
greater degree of mitral regurgitation correlates with higher mortality [108]. It is important
to emphasize that the mitral valve function should be understood in terms of its relationship
to its ventricular support structures and not as freestanding leaflets attached at the annulus.
The mitral valve apparatus includes both anterior and posterior mitral leaflets, the mitral
annulus, papillary muscles, and associated chordae tendineae. The mitral leaflets are at-

Figure 8 Incomplete mitral leaflet closure. Instead of normal coaptation at the annular
plane, mitral leaflets coapt apically (left panel) resulting in mitral regurgitation (arrows, right
panel).
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tached to the mitral annulus and tethered to the ventricle by the papillary muscles via the
chordae tendineae. The posteromedial and anterolateral papillary muscles, located along
the inferior and posterolateral surfaces of the left ventricle, both give off chordae to each
mitral leaflet. The papillary muscles and chordae tendineae serve an important function,
anchoring the leaflets at the annular level during coaptation. The mechanism underlying
functional mitral regurgitation relates to changes in the mitral valve geometry resulting
from the underlying LV remodeling process. Although a spectrum of morphological abnor-
malities of the LV and papillary muscles exists, considerable evidence points to the central
and predominant role of tethering as the final common pathway in inducing functional
MR [109–113].

With infarction, the papillary muscles and surrounding left ventricle remodel, becom-
ing thinned and dilated, resulting in posterolateral displacement of the papillary muscles.
Posterolateral displacement of the papillary muscles leads to stretching of the chordae
tendineae and increased tethering forces on the mitral valve leaflets. In turn, an increase
in mitral leaflet tethering leads to restricted mitral leaflet closure where instead of normal
leaflet coaptation at the level of the annulus, the leaflets coapt apically restricting leaflet
closure, leading to regurgitation (Fig. 9). Because of the posterior-lateral location of the
papillary muscles, infarctions in these walls have a greater incidence of mitral regurgitation
compared with anterior infarctions [114]. In patients who develop diffuse LV dysfunction,
either from a myopathic process or multiple infarctions, there is global LV dilatation
leading to papillary muscle displacement as well.

Dilatation of the mitral annulus also plays a role in the development of functional
mitral regurgitation [115]. Annular dilation results in stretching of the mitral leaflets,
restricting closure of the mitral leaflets.

Mitral regurgitation can itself initiate and worsen LV remodeling. Mitral regurgita-
tion alters left ventricular loading [116], increases wall stress, which can then induce
eccentric LV hypertrophy and dilatation [117]. This can result in further distortion of the

Figure 9 Schematic of the mechanism of functional mitral regurgitation. Levine RA, Hung
J. JACC 2003; 42:1929–1932.
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mitral valve apparatus and worsening of the mitral regurgitation leading to a vicious cycle
in which mitral regurgitation begets more mitral regurgitation [118,119]. In addition, mitral
regurgitation induces neurohumoral and cytokine promoters of adverse remodeling
[120–122].

REMODELING AND VALVULAR DYSFUNCTION OF THE RIGHT
VENTRICLE

Most of what is known about the remodeling process has been described or demon-
strated in the left ventricle. Less is known about the right ventricular remodeling process,
although there is evidence that right ventricular dilatation, hypertrophy, and decreased
contractility occur following LV myocardial infarction [123,124]. Tricuspid regurgitation
resulting from right ventricular remodeling is present in approximately 30% of patients
with cardiomyopathy and is associated with an adverse prognosis [106,125].

THERAPEUTIC TARGETS

Ventricular remodeling is an important aspect of disease progression in heart failure;
hence, it is emerging as an important therapeutic target. LV remodeling involves a myriad
of molecular and cellular processes that are initiated in response to myocardial injury.
These processes provide a useful framework for targeting therapy to prevent or limit
the deleterious effects of LV remodeling on myocardial function. ACE inhibitors, which
antagonize the effects of angiotensin II, have well-known beneficial effects on LV remodel-
ing and survival. Experimental evidence has demonstrated favorable remodeling effects
with the use of inhibitors of matrix metalloproteinases, caspases, and cytokines, suggesting
a potential role for therapy aimed at the signaling pathways responsible for the LV remodel-
ing process [126–128].

In summary, left ventricular remodeling occurs as an adaptive responsive to loss of
myocardial function and involves molecular and cellular responses that are initially adap-
tive, but ultimately result in deleterious effects on ventricular function.
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7
Neurohormonal and Cytokine Activation
in Heart Failure

Dennis M. McNamara
Heart Failure & Transplantation Program, University of Pittsburgh Medical Center,
Pittsburgh, Pennsylvania, USA

When the whole body experiences changes, whether alternations of cold and heat, or
changes of color, protracted disease is announced. Hippocrates. (470–410, B.C.) [1]

SYNOPSIS

Heart failure, regardless of severity, is characterized by activation of the renin-angiotensin-
aldosterone system (RAAS) and sympathetic nervous system (SNS). The complex interac-
tion of the RAAS and SNS suggests they act as two arms of a single common pathway.
More recently, a wide variety of proinflammatory cytokines, including tumor necrosis
factor (TNF) and interleukin-6, have been shown to be related to heart failure severity
and outcome. TNF appears to be particularly important in the transition from compensated
to decompensated heart failure. Natriuretic peptides represent an additional hormonal re-
sponse designed to control plasma volume and are released by elevated ventricular filling
pressures of fluid overload. Higher brain natriuretic peptide (BNP) levels predict a poorer
prognosis and may provide an easy method to monitor the effectiveness of heart failure
therapies in the near future. Genetic heterogenicity as reflected by single nucleotide poly-
morphisms (SNPs) appear to affect the response of heart failure patients to pharmacologic
therapies. Common deletion/insertion polymorphisms of the ACE D-allele, beta-2 adrener-
gic receptor, and nitric oxide synthase have been demonstrated to influence outcome and
may lead to individualization of pharmacologic therapies in the future.

INTRODUCTION

Whether ischemic, viral, or inflammatory in etiology, the pathological processes leading
to the clinical syndrome of heart failure begin with myocardial injury. The hemodynamic
consequences of the initial injury, a decline in contractility, and the reduction of cardiac
output elicit a complex humoral response involving the central nervous system, the kidney,
and the vascular endothelium. Progression to the syndrome of heart failure is determined
by both the degree of myocardial injury and the nature and magnitude of the resultant
humoral activation. Pharmacologic interventions targeted to improve cardiac contractility
have not improved clinical outcomes [2,3]. In contrast, all therapies that improve heart
failure survival inhibit aspects of the systemic response [4,5,6].
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The systemic response has two major components: the sympathetic nervous system
and the renin angiotensin aldosterone pathway [7], which are collectively referred to as
neurohormonal activation [8]. Additional circulating mediators, such as natruretic peptides
and nitric oxide [9], also play a role in the circulatory adaptations to the heart failure state.
Finally, myocardial injury and the heart failure syndrome stimulate the production of
cytokines, circulating peptide mediators of inflammation such as tumor necrosis factor
(TNF) and interleukin-6 (IL-6) [10]. For both neurohormonal and cytokine activation,
these reflex pathways are designed for acute injury and have maladaptive consequences
in the chronic heart failure state. Understanding their impact on progressive myocardial
dysfunction and subsequent vascular adaptation is critical to deciphering the systemic
nature of the heart failure syndrome. Investigation of the complex interactions of these
pathways is essential for the optimal application of clinical therapeutics [11,12,13]. The
variability among patients in heart failure progression likely reflects genetic differences
in the neurohormonal response, and the delineation of the genomic basis for this heteroge-
neity may allow highly specific tailoring of therapy for individual patients.

RENIN ANGIOTENSIN ALDOSTERONE SYSTEM

The renin-angiotensin-aldosterone system (RAAS) is a compensatory pathway primarily
designed for preservation of renal blood flow [14,15]. A decrease in renal perfusion pressure
results in the secretion of renin by juxtaglomerular cells lining the afferent renal arterioles.
This release is also under the control of the autonomic nervous system through beta-adrener-
gic receptors in the kidney. Renin, an aspartyl protease, cleaves a propeptide produced by the
liver, angiotensinogen, to form the decapeptide angiotensin-I. The angiotensin converting
enzyme (ACE), a dipeptidyl carboxypeptidase bound to the plasma membrane of endothelial
cells, cleaves the two C terminal amino acids to form the vasoactive octapeptide angiotensin-
2, the primary effector of the system (Fig. 1). Receptors for angiotensin-II are divided into

Figure 1 Renin angiotensin pathway: physiologic effects of angiotensin II and interactions
with other neurohormones. ACE, angiotensin converting enzyme; NE, norepinephrine; NO,
nitric oxide; ATR1, angiotensin receptor type 1; BNP, brain natruretic peptide.
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subtypes, AT-1 and AT-2, based on antagonist binding affinity [16]. AT-1 is the predominant
subtype in the vascular endothelium and the primary target for pharmacologic blockade [17].
Binding of angiotensin-II to AT-1 receptors results in increased release of intracellular cal-
cium from the sarcoplasma reticulum through activation of protein kinase C (PKC). Binding
of angiotensin-II in the vasculature results in vasoconstriction, an increase in systemic vascu-
lar resistance and restoration of blood pressure.

During acute declines in renal perfusion, such as from blood loss or dehydration,
this compensatory pathway has salutary effects on renal perfusion; however, in chronic
heart failure the rise in systemic vascular resistance increases myocardial work, decreases
cardiac output, and results in compensatory left ventricular hypertrophy [7,18]. In addition,
angiotensin-II has direct effects on the myocardium that increase remodeling of the extra-
cellular matrix [19], induces myocyte hypertrophy, and initiates apoptosis and interstitial
fibrosis (Fig. 2) [20,21,22,23]. This worsens myocardial relaxation and contributes to
diastolic dysfunction [24]. The impact of angiotensin-II on the myocardium and the periph-
eral vasculature decreases cardiac output and renal blood flow and, thus, leads to further
increases in renin-angiotensin activation and a progressive decline in cardiac function.

The potential benefit of renin-angiotensin inhibition was first demonstrated in postin-
farction animal models, in which ACE inhibitors decreased left ventricular remodeling
after myocardial infarction. These preclinical models provided the rationale for landmark
clinical investigations, which demonstrated that the ACE inhibitor captopril limited left
ventricular remodeling [26,27] and improved clinical outcomes in patients after significant
myocardial infarction. The improvement of heart failure survival with ACE inhibitors has
been consistently demonstrated in clinical trials [4,27] supporting the central role renin-
angiotensin activation plays in progression of heart failure. However, the impact of ACE
inhibitors in heart failure reflects more than simple reductions in circulating angiotensin-
II, as the therapeutic effects persist while the decline in angiotensin-II is transient [28,29]
and incomplete, even at high doses [30].

In addition to the effects on the vasculature and the myocardium, angiotensin-II
increases plasma volume by initiating production of the minerocorticoid aldosterone by
the adrenal cortex [31]. Aldosterone acts on the distal tubules of the renal nephron and
activates a sodium potassium exchange pump. This results in the retention of sodium and
water at the expense of increased kaluresis. As with the other compensatory action of
RAAS, with acute volume loss the elevations in aldosterone result in a restoration of

Figure 2 Potentially deleterious pathophysiologic effects of angiotensin II in chronic heart
failure.
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plasma volume, however, in chronic heart failure this increase exacerbates fluid overload
and peripheral edema. In addition aldosterone, like angiotensin-II [32], has a direct effect
on vascular and ventricular remodeling, and chronic excess leads to increase fibrosis in
the atria, ventricles, kidneys and the perivasculature. Both angiotensin 2 and aldosterone
contribute to adverse ventricular remodeling and progressive heart failure [33]. The addi-
tion of aldosterone receptor antagonists to a background of ACE inhibitor therapy improves
survival in patients with severe chronic heart failure [34] and in subjects with left ventricu-
lar dysfunction postmyocardial infarction [35] (Chapter 15). In contrast, attempts to im-
prove survival with the addition of angiotensin receptor blockers to ACE inhibitors have
not been successful [36].

Through control of vascular tone and plasma volume, the two primary effectors of
the RAAS play a central role in regulating blood pressure. Recently, a homologue of the
angiotensin converting enzyme, ACE2, has been cloned and mapped to a position on the X
chromosome [37,38]. It has significant cardiac expression [39], primarily in the endocardium
and cleaves the C terminal amino acid from the vasoconstrictive octapeptide angiotensin-II
to form a 7 amino acid peptide with vasodilatory properties. Overexpression in transgenic
models produces a hypotensive phenotype, and decreased expression has been demonstrated
in hypertensive rat models. While it is clear that ACE2 plays a counter regulatory role to ACE
in terms of blood pressure control, the role of this second ACE enzyme in the inhibition and
modulation of neurohormonal activation in heart failure remains uncertain.

SYMPATHETIC ACTIVATION

Increased sympathetic nerve activity plays a central role in the physiological maladapta-
tions of chronic heart failure [40]. The decline in cardiac output and stroke volume is
sensed by vascular baroreceptors and results in an increase in sympathetic nerve activity
and release of norepinephrine. Sympathetic activation, the ‘‘fight or flight response’’ of
the autonomic nervous system, improves cardiac output through increased heart rate, myo-
cardial contractility and stroke volume. In the peripheral vasculature, sympathetic activa-
tion increases systemic resistance and blood pressure. Stimulation of beta-adrenergic recep-
tors in the kidney increase renin release and angiotenin-II production, further increasing
vascular resistance and afterload.

The augmentation of cardiac function by sympathetic activation is primarily me-
diated through beta-adrenergic receptors [41]. The predominant receptor subtypes in the
myocardium are beta-1 and beta-2. Agonist binding of both subtypes results in increased
cyclic adenosine monophosphate (cAMP) and the activation of several cAMP-dependent
protein kinases and phosphorylation of intracellular proteins [42]. Beta-1 receptors are the
predominant subtype in the nonfailing heart, comprising roughly 80% of the beta-adrener-
gic receptors [43]. However, chronic sympathetic stimulation results in significantly more
downregulation of beta-1 receptors than beta-2 and, therefore, in the failing heart the
relative percentage of beta-2 receptors increases to approximately 40%. While beta 2
receptors are less downregulated, they are inactivated by repetitive agonist stimulation
and, as a result, become less responsive to adrenergic agonists in heart failure.

In addition to the effects on cardiac beta receptors, chronic adrenergic stimulation
has significant deleterious effects on cardiac function. The increase in cardiac contractility
and heart rate increases myocardial metabolic demands, worsens ischemia, and has proar-
rhythmic effects. In addition, catecholamine stimulation of myocardial cells has direct
cytotoxic effects and results in cell damage and cell death [44,45]. Therefore, though
norepinephrine acutely increases myocardial contractility, chronic stimulation of beta-
adrenergic receptors worsens cardiac function and results in progression of the clinical
syndrome of left ventricular dysfunction, worsening pulmonary edema, and death.
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Figure 3 Survival in chronic heart failure by plasma norepinephrine level (PNE). (From
Ref. 46.)

In clinical heart failure, increasing severity of functional limitations and NYHA
(New York Heart Association) class is associated with increasing levels of plasma norepi-
nephrine. Higher levels of circulating norepinephrine are associated with poorer survival
in subjects with heart failure despite identical degrees of depression of left ventricular
function (Fig. 3) [46]. The importance of sympathetic activation in the progression of left
ventricular dysfunction is best evidenced by clinical studies of beta adrenergic blockade,
which consistently demonstrate an improvement of left ventricular ejection fraction of 6
to 10 EF units after several months of therapy [47]. This degree of improvement in LVEF
far exceeds that achieved with any other pharmacologic therapeutics.

INTERACTION OF RENIN ANGIOTENSIN AND SYMPATHETIC
ACTIVATION

The complex interaction of renin angiotensin and sympathetic activation in the pathophysi-
ology of congestive heart failure suggests they act as two aspects of a single common
pathway. The release of renin is regulated by the sympathetic nervous system through
beta-receptors in the kidney, and therapy with beta-blockers results in reductions in plasma
renin and circulating angiotensin-II. The effectiveness of beta-blockers as antihyperten-
sives relates as much to their reductions in plasma renin as to their blockade of cardiac
adrenoreceptors. This has led to some speculation that the beneficial effects of beta-block-
ers in heart failure may reflect their actions as ‘‘renin inhibitors’’ [48].

In a similar fashion, treatment with angiotensin converting enzyme inhibitors reduces
sympathetic activation characteristic of the heart failure state. Treatment with ACE inhibi-
tors reduces circulating plasma norepinephrine, and leads to increases in the myocardium
cardiac beta-receptor density [49]. Studies of pharmacologic perturbation of both renin
angiotensin pathway and sympathetic activation demonstrate that it is impossible to inhibit
either system without having significant impact on the other, and suggest they represent
interdependent aspects of a single compensatory pathway of neurohormonal activation.

CYTOKINE ACTIVATION

Cardiac inflammation plays a significant role in the initiation of myocardial injury, subse-
quent ventricular remodeling, and the progression of left ventricular dysfunction [50].
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Cytokines, circulating peptides initially isolated from cells of the immune system, are
important mediators of systemic inflammation. Tumor necrosis factor (TNF) is a 17 kDa
polypeptide that activates endothelial cells, recruits inflammatory cells, and enhances the
production of other proinflammatory cytokines. Initially called ‘‘cachectin’’ [51], it pro-
motes weight loss and muscle wasting in end-stage malignancy. The similar wasting pheno-
type in end-stage cardiac cachexia led to investigation of TNF in severe chronic heart
failure, where it was found to be markedly elevated [52].

The cytokine hypothesis proposes that heart failure progression is an inflammatory
process and that elaboration of proinflammatory cytokines worsens left ventricular dysfunc-
tion and facilitates the development of the clinical syndrome [10]. As with the neurohor-
monal mediators norepinephrine and angiotensin, clinical trial data demonstrate that increas-
ing levels of circulating TNF correlated with increasing levels of functional limitations in
heart failure [53]. Early in the disease process, much of circulating TNF is derived from
immune cell line such as activated macrophages. However, late in disease progression
the heart itself becomes a secretory organ and much of the TNF is produced by the cardiac
myocytes themselves (Fig. 4) [54]. TNF appears to be particularly important in the transition
from compensated to decompensated heart failure.

Figure 4 Comparison of production of TNF and IL-6 in new onset and end-stage heart
failure. (A) Plasma and myocardial TNF-� (A, C) and IL-6 (B, D) levels in recent onset
cardiomyopathy and end-stage patients. (Plasma levels: protein [pg/ml]; myocardial levels:
mRNA expressed as percent of GAPDH mRNA level.) a Significantly different (p�0.05) from
normal or donor group. b Significantly different (p�0.05) from recent onset group.
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Figure 4 (continued) (B) Correlation of plasma TNF-� (pg/ml) with myocardial mRNA
levels (percent of GAPDH mRNA level); r � 0.69, p�0.001. (From Ref. 54; pp. 819–-824.)

The effects of TNF on myocardial function have been evaluated extensively in
animal models. Transgenic mice with cardiac specific overexpression of TNF develop an
early inflammatory myocarditis that later progresses to myocyte hypertrophy, left ventricu-
lar dilatation, and progressive left ventricular dysfunction [55]. In the transgenic model,
TNF activates expression of matrix metalloproteinases [56], which contribute to LV remod-
eling and dilatation. Exogenously administered TNF in animal models at concentrations
comparable to those observed in clinical heart failure, produces significant declines in
myocardial contractility, worsening left ventricular function, and increasing pulmonary
edema [57]. In a model of exogenously infused TNF, rats developed time-dependent
progressive left ventricular enlargement accompanied by significant degradation of the
extracellular matrix [58].

The negative inotropic effects of TNF on cardiac myocytes are mediated through in-
creased expression of inducible nitric oxide synthase (NOS2) and the production of nitric
oxide [59,60]. Chronic adrenergic stimulation induces myocardial TNF expression [61],
which in turn attenuates beta-adrenergic responsiveness. Blockade of TNF with soluble TNF
receptor limits cardiac inflammation [62] in animal models, and led to the hypothesis that
inhibition of TNF activation would improve LV function and clinical outcomes [63]. How-
ever, while initial small clinical studies suggested soluble receptor improved function in
chronic heart failure [64,65], two larger randomized multicenter studies failed to prove bene-
fit [10].

In murine models of myocarditis, TNF appears to limit viral injury as TNF knockout
mice have less cardiac inflammation but also less viral clearing and more myocyte cell
death [66]. Myocardial expression of TNF is elevated in human myocarditis, and in clinical
investigations of recent onset cardiomyopathy, higher levels of circulating TNF at presenta-
tion predicted a higher probability of subsequent recovery of LV function [67]. These
studies suggest a cardioprotective role for TNF in early heart failure pathogenesis that
appears quite distinct from the deleterious impact evident in end-stage disease [68].

Interleukin-6, (IL-6) is also significantly elevated in heart failure, particularly in end-
stage disease [69]. Initially thought to be proinflammatory like TNF, recent evidence sug-
gests more of an immune modulatory role [70]. IL-6 knockout mice stimulated with lipopoly-
saccharide produce more TNF than wild-type litter mates, suggesting IL-6 limits TNF pro-
duction. Murine transgenic models with chronic IL-6 overexpression are at greater risk for
viral injury [71]. In contrast, animals treated with short-term exogenous IL-6 appear pro-
tected from viral injury. In addition to potential immune modulatory interactions with TNF,
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IL-6 has direct effects on the myocardium and decreases contractility, induces myocyte hy-
pertrophy, activates matrix metalloproteinases, and contributes to LV remodeling [72].

In clinical investigations, IL-6 levels correlate with measures of myocardial function
including LVEF, NYHA class and cardiac hemodynamics [67,69]. Myocardial expression
of IL- 6 is evident in severe end-stage heart failure but not in mild to moderate disease, sug-
gesting that cardiac IL-6 production occurs later in the disease process than TNF [54]. Higher
circulating levels of IL-6 are associated with a poorer prognosis [73,74]. IL-6 plays a central
role in the acute phase response, inducing production of C-reactive protein (CRP) and fibrin-
ogen. CRP levels are also markedly elevated in heart failure and predict poor outcomes.

As with neurohormonal activation, cytokine-mediated cardiac inflammation begins
as an appropriate acute response to myocardial injury but has significant maladaptive
consequences in chronic heart failure. Proinflammatory cytokines, in particular TNF, may
have cardioprotective effects in myocarditis and recent onset cardiomyopathy. However,
in end-stage disease, increased production of inflammatory cytokines by the myocardium
facilitates progression from compensated to decompensated heart failure. Unlike neurohor-
monal activation, direct inhibition of the cytokine response has not demonstrated clinical
benefit in randomized trials.

REGULATION OF PLASMA VOLUME

Natruretic peptides represent an additional hormonal response designed to control plasma
volume and are activated in heart failure by excess fluid retention [75]. Increased atrial
and ventricular filling pressures, dilatation, and wall stress result in the secretion of peptides
that act on the kidney, increase natruresis and decrease plasma volume [76]. Brain natrure-
tic peptide (BNP) is a 32-amino acid peptide synthesized by the ventricle. BNP is markedly
elevated in congestive heart failure and correlates with cardiac filling pressures. Higher
levels of BNP in subjects with heart failure predict a poor prognosis [77,78,79a] (Fig. 5).
In addition to natruresis, BNP induces vasodilatation, decreases renin-angiotensin and
sympathetic activation [79]. Therefore, as neurohormonal activation drives the heart failure
pathway forward, the increase in secretion of BNP driven by fluid overload diminishes
their impact and serves as an important counter regulatory mechanism.

Figure 5 Survival rates for patients with left ventricular dysfunction stratified by initial mean
plasma BNP concentration. BNP, brain natriuretic peptide. (From Ref. 79a.)
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VASCULAR REACTIVITY

Heart failure leads to endothelial dysfunction [80,81] and changes in the peripheral vascula-
ture. Elevations in angiotensin-II increase peripheral vascular resistance initially preserving
perfusion pressure. Over time vascular remodeling becomes evident with smooth muscle
cell hypertrophy, cellular proliferation, and interstitial fibrosis that results ultimately in
the loss of capillary vascular volume. Similar vascular changes occur in the pulmonary
vasculature, driven by chronic elevations in pulmonary capillary wedge pressure, and leads
to pulmonary hypertension. In addition to angiotensin-II, several important mediators are
released by the endothelium that help regulate vascular tone: the endothelins and the nitric
oxide pathway.

The primary mediator of endothelium-dependent vasodilatation, initially function-
ally described as endothelium derived relaxation factor (EDRF), is now known to be nitric
oxide and its derivatives. Nitric oxide (NO), a freely diffusible gas with a short half-
life, is produced from arginine from a family of enzymes, the nitric oxide synthases [9].
Endothelial nitric oxide synthase (NOS3) is the primary source of vascular NO production
and is a constitutively active enzyme. However, in heart failure inducible nitric oxide
(NOS2) is upregulated and may be an important source of circulating NO [82].

The primary effect of NO on vascular function is vasodilatation. In heart failure,
this results in decreased peripheral resistance and reduced after load, and the effects of
NO on the vasculature improves cardiac performance and limits disease progression. In
addition, at least some of the beneficial effects of ACE inhibitors in heart failure are
mediated through nitric oxide dependent mechanisms [83]. ACE inhibitors limit postinfarc-
tion LV remodeling in wild-type animals but not in NOS3 knockout mice, suggesting the
protective effects of therapy require the presence of NOS3 [84,85]. The impact of ACE
inhibitors on endothelial function can be limited by pretreatment with N-monomethyl-L-
arginine (LMNNA), an inhibitor of NO production [86]. While ACE inhibitors improve
endothelial function by increasing NO production, circulating TNF impairs the action of
NOS3 [87], and may tip the balance towards vasoconstriction and endothelial dysfunction.

Expression of NOS3 in the myocardium is increased in heart failure and affects
myocardial function as well as vascular reactivity [88,89]. Nitric oxide is an important
mediator of the impact of both cytokine and neurohormonal activation on myocyte func-
tion. Tumor necrosis factor (TNF) induces expression of NOS2 in cardiac myocytes, and
the negative inotropic effect of this cytokine is mediated through increased NO. Nitric
oxide also improves myocyte relaxation [90] and calcium homeostasis. In addition, nitric
oxide reduces beta-receptor responsiveness to catecholamine stimulation and, therefore,
may diminish the effects of sympathetic activation on myocyte function [91,92]. Though
the effects of NO on endothelial function is clearly a protective mechanism in heart failure,
the impact of NO on the cardiac myocyte itself is more complex with both deleterious
and potentially cardioprotective effects.

Endothelin-1 is a 21 amino acid peptide released by the endothelium [93].
Endothelin-1 is upregulated in circulating plasma but not in cardiac tissues in heart
failure, suggesting local production of endothelin-1 is responsible for heart failure
elevations. Endothelium causes potent vasoconstriction mediated by type A endothelin
receptors [94]. Endothelin is promitogenic and promotes cell division and hypertrophy
among smooth muscle cells and increased matrix production, leading to the permanent
vascular changes of chronic heart failure. Activation of a separate class of endothelin
receptors, type B, acts in a counter regulatory manner and stimulates nitric oxide
production and vascular relaxation [95].
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CLINICAL HETEROGENEITY IN HEART FAILURE: IMPACT OF
GENETIC DIVERSITY

Clinical outcomes in congestive heart failure are significantly heterogeneous, and two
patients with similar degrees of initial myocardial injury after infarction may progress to
the syndrome of heart failure at markedly different rates. Much of the clinical heterogeneity
may reflect genetic differences in the degree of neurohormonal activation. Patients predis-
posed to greater degrees of renin-angiotensin and sympathetic activation would be pre-
dicted to progress more rapidly toward worsening heart failure, and have significantly
poorer outcomes. The potential use of genomic information to predict outcomes and target
therapy is the subject of increasing investigation.

The common deletion/insertion polymorphism of the angiotensin-converting enzyme
has been extensively studied [96]. The ACE D-allele, named for a 287 base pair deletion
in intron-16, has been consistently linked to higher levels of ACE activity and circulating
angiotensin-2 [97,98]. Several studies have demonstrated that for patients with congestive
heart failure, subjects homozygous for the D-allele have the poorest survival (Fig. 6).
This impact appears independent of etiology and has been demonstrated in patients with
idiopathic dilated cardiomyopathy [99] and postmyocardial infarction [77]. The genetic
tendency toward poorer survival with the ACE D allele and higher ACE activity can be
reduced by treatment with high dose ACE inhibitors. In addition, the adverse impact of
the ACE D allele can be effectively eliminated by beta-blockers [100]. This powerful
pharmacogenetic interaction of the ACE D-allele and beta-blocker therapy supports the
role of beta-blockers as renin inhibitors and is an additional example of the complex
interdependence of renin angiotensin and sympathetic activation.

Genetic heterogeneity of beta-adrenergic receptors also appears to affect heart failure
outcomes [101]. Three common polymorphisms exist for the beta-2 receptor, two in the

Figure 6 Effect of genetic heterogeneity on clinical outcomes in heart failure, and interac-
tions with therapy. (A). Comparison of transplant-free survival by ACE genotype in 328 sub-
jects with chronic heart failure. ACE D allele associated with poor outcomes, p� 0.044.
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Figure 6 (continued) (B) Similar comparison in the 208 patients not treated with beta-
blockers at the time of study entry. Impact of ACE D allele is much more significant in this
subset, p�0.005. (From Ref. 100.)

extracellular portion at codons 16 and 27, and one in the transmembrane core at position
164 (Fig. 7). An isoleucine residue at codon 164 (Ile164) results in a receptor less respon-
sive to agonist stimulation than with the wild-type receptor with threonine at this position.
This less active Ile164 variant is associated with significantly poor outcomes in subjects
with heart failure [102] (Fig. 8). In the beta-1 receptor the serine/glycine polymorphism

Figure 7 Structure and common polymorphisms of the �2 adrenergic receptor. Arg, argi-
nine; Gly, glycine; Gln, glutamine; Glu, glutamate; Thr, threonine; Ile, Isoleucine; NH2, amino
terminus; COOH, carboxyl terminus. Ile164 variant in the transmembrane region (3% to 5%
of the general population) causes a loss of function and is associated with poor survival in
chronic heart failure. (From Ref. 101.)
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Figure 8 Effect of beta-2 receptor polymorphism on outcome in chronic heart failure. Thr,
threonine; Ile, isoleucine; RR, risk ratio. (From Ref. 102.)

at codon 49 in the extracellular portion of the receptor appears to affect the degree of
receptor downregulation in response to agonists. Clinically, this polymorphism appears
to influence heart failure outcomes and responsiveness to beta-blocker therapy [103]. As
with the ACE D-allele, beta-receptor heterogeneity that functionally modifies the impact
of neurohormonal activation appears to influence heart failure progression. Recently, poly-
morphisms of endothelial nitric oxide synthase have also been shown to predict survival
in heart failure populations (Fig. 9). Future investigations will clarify the potential use of

Figure 9 Effect of endothelial nitric oxide synthase (NOS) polymorphism on survival in
chronic heart failure. Influence of Asp 298 codon substitution for Glu 298 for the entire
population (n � 469; ). Patients with ischemic cardiomyopathy (n � 146; ). Asp, asparate;
Glu, glutamine; NOS, nitric oxide synthase. (From Ref. 104.)
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genetic background both for predicting heart failure outcomes and for targeting specific
medical therapies.

SUMMARY

Heart failure begins with myocardial injury but progresses as a systemic illness. The
compensatory pathways designed to respond to acute injury lead to maladaptive conse-
quences in the chronic heart failure state, including progressive myocardial dysfunction
and regression of the vascular bed. This pathological progression is driven by circulating
mediators, in particular angiotensin-II and norepinephrine. Natruretic peptides play a sig-
nificant role in the regulation of plasma volume and the downregulation neurohormonal
activation. In the vasculature, nitric oxide, endothelin-1, and angiotensin-II are important
mediators of vascular tone. Beginning with the initial myocardial injury, cardiac inflamma-
tion is mediated by cytokines that can worsen both cardiac and endothelial dysfunction
as the heart failure state progresses. Although these pathways have been described sepa-
rately, they are critically interdependent in the systemic response to heart failure (Table
1). All medical interventions in heart failure that improve survival directly inhibit neurohor-

Table 1 Neurohormones: Initiation, Impact and Interaction

Initiation Impact in Heart Failure Interactions

RAAS
Angiotensin II

Sympathetic
activation

Norepinephrine

Cytokine
activation

TFN alpha

Natriuretic
Peptides

BNP

Nitric Oxide
pathway

Nitric oxide

Low cardiac output
(renal perfusion)

Beta-receptor
stimulation

Baroreceptors
(decreased stroke
volume)

Myocardial injury

Ventricular pressure
and wall stretch,
increased volume

Constitutively active
if endothelium
intact (NOS 3)

Cytokine induction
of NOS 2

Increased vascular
resistance (afterload)

Cardiac myocyte
hypertrophy

Plasma expansion
(aldosterone)

Increased myocardial
work, cardiotoxicity,
ischemia, arrhythmias

Decrease contractility
chronic: worsen LV
remodeling acute:
facilitate viral clearing

Sodium excretion,
vasodilation

Vasodilation
Decrease contractility
Improve myocardial

relaxation

Sympathetic activation
increases renin release

BNP reduces RAAS
activation

Increases renin release.
Nitric oxide modulates

beta receptor
activation

Induce expression of
NOS 2 in cardiac
myocytes

Inhibits RAAS activation

TNF induces NOS 2
NO decreases adrenergic

reponsiveness
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monal activation. Further investigation of the interactions of these pathways should lead
to improved therapeutics. Given the importance of genetic diversity in the neurohormonal
response, targeting of medical therapeutics to genetic background should an important
addition to the treatment of heart failure in the near future.
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INTRODUCTION

The World Health Organization Classification system restricts the term cardiomyopathy
to idiopathic conditions and, in contrast, refers to myocardial disease of known cause (e.g.,
‘‘ischemic’’ or ‘‘hypertensive’’ or ‘‘valvular’’ cardiomyopathy) as specific heart muscle
disease [1]. Although this conceptual approach is nosologically coherent from a patholo-
gist’s viewpoint, it does not group patients according to common clinical features, such
as the type of the cardiac dysfunction and the presenting signs and symptoms. A traditional
classification, based on gross morphology and the principal form of functional cardiac
impairment, is to divide the cardiomyopathies into the dilated, hypertrophic, and restrictive
types. (Fig. 1) The cardinal features of the dilated forms are multichamber dilation with
marked impairment of systolic function, as well as reduced diastolic function. The features
of the hypertrophic forms are atrial dilatation, marked left ventricular muscle hypertrophy
with vigorous systolic function, severely impaired ventricular diastolic relaxation and
compliance, and a small left ventricular volume. The restrictive forms display atrial en-
largement, normal ventricular chamber size, preserved systolic function, and markedly
impaired diastolic filling.

DILATED CARDIOMYOPATHY

Morphology and Pathology

In dilated cardiomyopathy there is uniform involvement of all the myocardium. In its fully
evolved form, therefore, dilated cardiomyopathy manifests impressive cardiomegaly
(Fig. 1). Although there is impairment of muscle function during both diastole and systole,
the dominant feature is that of decreased systolic ejection. A small minority of patients
present with globally reduced contractile function with only mild chamber dilatation. On
gross examination biventricular dilatation is predominant, the atrioventricular valve rings
are dilated, and there is modest myocardial hypertrophy. Histological evaluation reveals
myocyte hypertrophy, variable degrees of diffuse fibrosis (particularly in the subendocar-
dium), occasional lymphocytes and, rarely, focal myocyte necrosis.
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Figure 1 Morphologic characteristics of the three principle forms of cardiomyopathy.

Epidemiology and Natural History

The incidence of dilated cardiomyopathy is based on autopsy series and population-based
studies. Data from Sweden and Minnesota suggest five to eight cases per 100,000 persons
per year [2,3]. Pediatric surveillance registries indicate an annual incidence of 0.6 to 0.7
cases per 100,000 children per year, with most patients presenting in the first year of life,
and the disease being less common in whites than nonwhites [4,5]. Although the incidence
has been reported to be increasing, some of this apparent increase could be related to
ascertainment bias consequent to widespread application of noninvasive diagnostic tools,
such as echocardiography [3]. The age- and sex-adjusted prevalence rate is estimated at
36.5 per 100,000 population [3]. Among adults, there is evidence that blacks have a two-
to three-fold greater prevalence than whites [6].

Prognosis has been assessed in a population-based cohort and in referral cohorts.
Dilated cardiomyopathy patients identified in the community appear to have better survival
than those referred to tertiary hospitals, likely as a result of the referral bias that results
from tertiary hospital clinic patients being at a more advanced stage of their disease
(Fig. 2) [7]. Even among referral cohorts, however, there is evidence of improved survival
beginning in the 1980s [8]. Factors associated with poor survival in dilated cardiomyopathy
are similar to those associated with early death in heart failure in general: severe hemody-
namic derangement, advanced neurohumoral activation, NYHA (New York Heart Associa-
tion) Class III—IV symptom severity; and marked ventricular dilatation and severe depres-
sion of left ventricular ejection fraction.

Etiology

Four chamber dilatation with depressed contractile function is a final common pathway
that may result from a range of myocardial stresses or injuries [9]. The source of injury
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Figure 2 Survival in idiopathic dilated cardiomyopathy: comparison of referral patients and
community patients (From Ref. 7.)

may be known, as in the secondary dilated cardiomyopathies (e.g., inflammatory injury,
metabolic deficiency states, excessive stimulation by hyperactive endogenous endocrine
systems, or exogenous toxins); or the nature of the injury may be unknown, as in truly
idiopathic dilated cardiomyopathy (Table 1). In this discussion of dilated cardiomyopathy
etiology, three topics warrant additional comment: viral myocarditis, familial dilated cardi-
omyopathy, and alcoholic cardiomyopathy.

Table 1 Principle Causes of Nonischemic, Nonvalvular
Dilated Cardiomyopathy

1. METABOLIC
Nutritional deficiency (carnitine, selenium, thiamine)
Endocrine (hyperthyroidism, hypothyroidism, acromegaly,
pheochromocytoma, diabetes)
Hemochromatosis

2. INFLAMMATORY
Viral, spirochetal, parasitic infection
Collagen vascular disease
Giant cell myocarditis
Eosinophilic myocarditis
Sarcoidosis

3. TOXIC EXPOSURE
Alcohol
Cobalt
Adriamycin, cyclophosphamide
Chloroquine

4. FAMILIAL DILATED CARDIOMYOPATHY
5. POSTPARTUM DILATED CARDIOMYOPATHY
6. IDIOPATHIC
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It is widely believed that viral infection can cause a lymphocytic myocarditis with
widespread myocyte injury, and that this process can lead ultimately to dilated cardiomyop-
athy [10–12]. There are epidemiological data and experimental animal models of viral
myocarditis that lend support to this hypothesis. Nevertheless, compelling microbiological
evidence proving this relationship has been difficult to obtain in humans. There is circum-
stantial evidence in the form of high serum viral antibody titers and persistence of viral
genome in human dilated cardiomyopathy myocytes, but definitive evidence of progression
to dilated cardiomyopathy has been elusive [10,13–15]. The proposed mechanism of viral
injury involves persistence of virus, a sustained host immunologic response to the virus,
and the development of a low-grade chronic active myocarditis that results in progressive
myocyte destruction. Persons with disordered immune regulation or impaired myocyte
responses to persistent virus could be at risk of evolving into chronic dilated cardiomyopa-
thy (Fig. 3). The outcome of acute viral myocarditis may depend on the intensity of
inflammation at presentation; paradoxically, cases manifesting more intense and wide-
spread inflammation appear to have a more favorable prognosis [16]. Viral myocarditis
should be distinguished from other infectious myocarditides, from lymphocytic myocardi-
tis that may be associated with systemic collagen vascular disease, and from other forms
of inflammatory injury, such as giant cell and eosinophilic myocarditis.

The second area of particular interest is that of familial dilated cardiomyopathy, a
condition that until a decade ago was believed to be rare. Systematic studies in the 1990s,
involving echocardiographic and electrocardiographic screening of the first degree rela-
tives of idiopathic dilated cardiomyopathy patients, revealed that at least 20% to 25% of
presumably sporadic idiopathic dilated cardiomyopathy cases were actually familial
[17–20]. Importantly, 83% of these familial dilated cardiomyopathy cases would not have
been identified as such on the basis of the family history alone, i.e., other affected family
members were only identified as having dilated cardiomyopathy by echocardiographic
screening [17]. To date, more than ten gene mutations leading to dilated cardiomyopathy
have been identified, and it is highly probable that more will be reported in the coming

Figure 3 Proposed mechanism for viral injury leading to dilated cardiomyopathy.
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Figure 4 Cytoskeletal and sarcomeric protein mutations associated with dilated cardiomy-
opathy. (Adapted from Ref. 41.)

years. Unlike hypertrophic disease (see following text), in which mutations generally
involve sarcomeric contractile and regulatory proteins (�-myosin, actin, troponin, tropo-
myosin), the mutations associated with dilated cardiomyopathies usually involve cytoskel-
etal and nuclear envelop proteins (e.g., lamin A/C, emerin, dystrophin). Skeletal myopathy
may also accompany common heritable forms of dilated cardiomyopathy, such as the
muscular dystrophies (Duchenne, Beckers) and mitochondrial myopathies.

The third area deserving of additional comment is alcoholic cardiomyopathy. Alco-
hol depresses myocardial contractility, and the risk of developing dilated cardiomyopathy
is related to the volume and duration of alcohol consumption [21–24]. Women appear to
be susceptible at a lower level of alcohol exposure than men [23]. Abstinence from alcohol
has been observed to allow recovery of ventricular function if achieved early in the course
of alcoholic cardiomyopathy. Avoidance of significant alcohol consumption is recom-
mended in all dilated cardiomyopathy patients, whether or not alcohol toxicity is believed
to be the primary underlying etiology.

Clinical Presentation

Dilated cardiomyopathy can present at any age, though it is more common to present in
infancy or during the fourth to sixth decades. There may be an asymptomatic phase,
lasting months to years, during which the disease is occasionally discovered by chance if
cardiomegaly is detected on a chest radiograph, bundle branch block, or abnormal ST-T
changes are noted on an EKG (electrocardiogram), or ectopic beats are found on a routine
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physical examination. Although the common presenting symptoms of dyspnea, fatigue,
and fluid retention may seem to evolve over only a few days or weeks, it is typically
difficult to determine when the onset of ventricular dysfunction actually occurred. Some
patients appear to develop symptoms after a viral infection syndrome but proof of a viral
inflammatory injury to the heart is usually difficult to establish. In patients who present
in atrial fibrillation, it may be difficult to determine if the atrial fibrillation is secondary
to a previously established but undiagnosed cardiomyopathy, or whether the ventricular
systolic dysfunction and dilatation are due to prolonged tachycardia [25,26].

Typical symptoms of advanced disease include exertional or supine dyspnea, effort
fatigue, and edema. Physical findings depend on the stage of disease, with cardiac enlarge-
ment, S4 and S3 gallop, functional mitral and tricuspid regurgitation murmurs, jugular
venous distention, pulmonary rales, liver enlargement, and edema suggesting serious de-
compensation. Prominent right ventricular failure signs are evidence of end-stage deteriora-
tion. In addition to physical findings indicative of circulatory decompensation, one should
be alert to noncardiac findings that may provide clues to etiology, such as signs of thyroid
dysfunction, hemochromatosis, sarcoidosis, pheochromocytoma or alcoholism.

Evaluation

The goals of clinical assessment are to establish etiology and estimate prognosis. In screen-
ing for secondary causes of dilated cardiomyopathy measuring TSH (thyroid-stimulating
hormone), creatinine, phosphorous, calcium, potassium, ferritin, complete blood count,
and HIV serology may provide valuable clues. The electrocardiogram may disclose left
bundle branch block, sometimes an early precursor of dilated cardiomyopathy, or clinically
silent tachyarrhythmias. Nonsustained ventricular tachycardia is detectable in most patients
if ambulatory monitoring is performed, and tends to be more severe as the disease pro-
gresses. The chest radiograph, in addition to providing information on cardiac size and
pulmonary congestion, may also show signs of pulmonary infection or other thoracic
disease such as sarcoidosis.

Measurement of ventricular function is essential. While this may be performed by
echocardiographic, radionuclide, or angiographic means, the echocardiogram has merit in
that it provides a wealth of corollary information, such as LV (left ventricle) mass, regional
wall and valve function, chamber sizes, and the presence of pericardial effusion. When
monitoring for changes in ventricular function, it is helpful to perform serial measurements
using the same methodology.

Since coronary disease can present as a dilated cardiomyopathy without a history
of documented myocardial infarction, it is important to exclude occult ischemic disease.
In dilated cardiomyopathy, stress echocardiography or thallium scintigraphy may show
regional abnormalities even in the absence of significant coronary occlusions. Therefore,
a low threshold for performing coronary angiography in persons over 35 years of age is
appropriate.

The use of endocardial biopsy should be selective. Knowledge of histology may
point toward a specific etiology in approximately 15% of dilated cardiomyopathy cases
seen in referral centers, but in only a few of these is an effective etiology-specific therapy
available [9]. Examples of potentially treatable conditions include sarcoidosis, eosinophilic
hypersensitivity myocarditis, and giant cell myocarditis. At this time we lack evidence that
immunosuppressive treatment improves survival or ventricular function in lymphocytic
myocarditis [27]. In general, the biopsy is more likely to yield useful clinical information
in patients with acute or subacute onset of symptoms and prominent ventricular arrhythmias
[28].
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Right heart catheterization provides prognostic information when it is performed
after a comprehensive medical treatment program is established. If PCW (pulmonary
capillary wedge) and RA (right atrium) pressures remain high despite optimal medical
therapy, the prognosis is particularly worrisome.

Treatment

The approach to management of dilated cardiomyopathy is similar to that of systolic heart
failure in general–neurohormonal blockade with angiotensin converting enzyme inhibitors
or angiotensin II receptor blockers, beta-adrenergic blockers and aldosterone blockade,
digoxin, diuretics, biventricular pacing, ventricular assist devices, and cardiac transplanta-
tion. Patients having sustained ventricular arrhythmias should receive internal defibrilla-
tors; current ongoing clinical trials may provide further information on the value of prophy-
lactic defibrillator implantation in those with nonsustained ventricular tachycardia.

Patients with treatable underlying etiologic conditions, such as myocardial ischemia,
hypertension, sustained atrial tachyarrhythmias, etc., should have optimal therapy for those
conditions. Concomitant anemia or obstructive sleep apnea needs to be aggressively man-
aged. Avoidance of cardiotoxins, such as alcohol, is advised and moderate aerobic condi-
tioning exercise is recommended. Warfarin anticoagulation is important for preventing
emboli in those with atrial fibrillation; for patients in sinus rhythm with severely depressed
systolic function the value of anticoagulation is being evaluated in controlled clinical trials
at this time.

Patients with apparent idiopathic dilated cardiomyopathy need genetic counseling
to alert them to the 20% to 25% probability that they may have a heritable condition.
Although longitudinal data are not yet available, it is prudent to offer periodic screening
with EKG and echocardiography to adult first-degree relatives of the dilated cardiomyopa-
thy patient, perhaps repeated every 5 years.

HYPERTROPHIC CARDIOMYOPATHY

Morphology and Pathology

Hypertrophic cardiomyopathy is an hereditary condition characterized by regional left
ventricular hypertrophy, normal or hyperdynamic systolic function, markedly impaired
diastolic relaxation and compliance, left atrial enlargement, and a small left ventricular
chamber volume [29–31]. Although a minority of patients have a detectable intraventric-
ular pressure gradient across the outflow tract, the degree of increase in left ventricular
mass is out of proportion to the increase in wall stress associated with the pressure gradient.
The distribution of left ventricular hypertrophy is variable, and often includes especially
prominent thickening of the intraventricular septum and anterolateral wall or, less com-
monly, the apex. Concentric left ventricular hypertrophy is not a common presentation.
The histology is notable for widespread myocyte hypertrophy and disarray, scattered fibro-
sis, and reduced intramuscular coronary artery lumen size [32,33].

Epidemiology and Natural History

In population-based studies the age- and sex-adjusted annual incidence of hypertrophic
cardiomyopathy has been estimated at 2.5 per 100,000 persons, approximately half the
frequency of dilated cardiomyopathy [3]. Among children, hypertrophic cardiomyopathy
also presents less commonly than dilated cardiomyopathy [4, 5].
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The natural history of hypertrophic cardiomyopathy is not uniform, and may depend
significantly on the specific underlying genetic defect responsible for the condition in an
individual patient. In population-based community studies, many patients are found to be
asymptomatic and have mortality similar to age-matched controls [34]. (Fig. 4) If they
develop at all, symptoms are usually mild for many years. In contrast, patients reported
from tertiary hypertrophic cardiomyopathy referral centers tend to have advanced symp-
toms, severe hypertrophy, and annual mortality rates in the range of 3% [35–37]. The
higher mortality reported from these specialty clinics represents, no doubt, the effect of
significant referral bias. A minority of patients, perhaps 5%, progress to a ‘‘burned out’’
HCM (hypertrophic cardiomyopathy) characterized by LV dilatation, and reduced LV
ejection fraction [38]. The most common mode of death is sudden, particularly in younger
patients in whom the disease is not suspected [39–42]. A history of syncope or the presence
of high-risk mutations have predictive value for sudden cardiac death [42,43]. Severe
dyspnea, marked (> 30 mm) left ventricular hypertrophy, chest pain, or a very high intra-
ventricular gradient are predictors of poor prognosis [43,44]. Finally, evidence for severely
impaired coronary vasodilation is a marker for increased mortality [45]. (Table 2)

Etiology

The etiology of hypertrophic cardiomyopathy has been an area of dramatic research
progress over the last decade [30,31,36,37]. There is evidence that abnormal intracellular
calcium flux, associated with abnormalities in sarcomere proteins or calcium channel
function, results in increased intracellular calcium concentration. Subendocardial ischemia,
a consequence of high intramural wall stress and reduced coronary luminal diameter, may
also play a secondary role.

The greatest advances in HCM research in the last decade have been in elucidation
of its genetic basis. Most cases, perhaps all, are caused by an inherited or sporadic mutation.
Mendelian autosomal dominant patterns of inheritance are characteristic, but there is con-
siderable genetic heterogeneity (i.e., HCM can be caused by mutations at scores of different

Table 2 Factors Associated with Increased Risk of Sudden
Cardiadc Death in Hypertrophic Cardiomyopathy

GENETIC
Family history of sudden death
Specific mutations of sarcomeric proteins (i.e., Arg403Gln

mutation of �-myosin heavy chain or Arg92Gln mutation
of troponin T)

CLINICAL
Prior cardiac arrest
Recurrent syncope
Ventricular tachycardia on monitoring

MORPHOLOGIC
Extreme left ventricular hypertrophy (�30 mm)

HEMODYNAMIC
Left ventricular outflow pressure gradient � 30 mm Hg
Decline in blood pressure during exercise testing
Limited myocardial coronary blood flow reserve

Source: Adapted from Cannon (2003)
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Figure 5 Kaplan-Meier survival curve for 225 patients with hypertrophic cardiomyopathy
(HC) and age-matched controls in a community based population study. Numbers on the
horizontal axis refer to number of patients at each follow-up interval. (From Ref. 35.)

loci). At this time, more than 150 different mutations have been associated with HCM
phenotypes involving mutations in genes coding for sarcomere proteins, including beta
cardiac myosin heavy chain, troponin T, and �-tropomyosin [35–37]. (Fig. 5) In addition
to genotypic heterogeneity, there is phenotypic heterogeneity in HCM. Some mutations
in the �-myosin heavy chain and troponin T appear to be characterized by a higher risk
of sudden death, such as the Arg403Gln �–myosin heavy chain mutation or Arg92Gln
troponin T mutation [6,41–43,49]. However, the frequency with which these ‘‘malignant’’
mutations are found in large referral clinics may be low, on the order of 1% of patients
[48]. While some families do appear to manifest an unusually high frequency of sudden
death, it is clear that all patients with the same mutation may not be at equally high risk.
Confounding factors may influence the phenotypic manifestations of the genetic mutation,
such as variable penetrance within families, modifier genes, and the role of other nonge-
netic factors [48,49].

Genetic mutations give rise to gross abnormalities of cardiac structure and function.
The hypertrophic walls, hypercontractility state, and the small LV chamber size combine
to produce systolic intracavitary pressure gradients and small stroke volume. Diastolic
dysfunction, caused by a reduced rate of diastolic relaxation and increased chamber stiff-
ness, is a more universal characteristic of HCM than are systolic intracavitary pressure
gradients, which are demonstrable in only 30% to 40% of cases. Prolonged relaxation,
likely related to high intracellular calcium concentration and subendocardial ischemia,
combines with decreased distensibility due to hypertrophy and fibrosis to produce high
diastolic filling pressures and atrial enlargement. Mitral regurgitation, usually proportional
to the intracavitary pressure gradient, is often a feature [29]. Finally, in addition to these
hemodynamic abnormalities there is significant impairment of coronary microvascular
dilatation [45].

Clinical Presentation

The age of presentation is variable and may depend in part on the specific underlying
mutation, with many myosin-binding protein C mutations not becoming phenotypically
evident until the fifth decade [47]. Many patients are asymptomatic when discovered by
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genetic screening of relatives of an index case. Symptomatic patients present most com-
monly with effort dyspnea, but may also have angina, palpitations, syncope, and fatigue.
Unfortunately, an initial manifestation may be sudden cardiac death, as observed in young
athletes [37–39].

Physical examination usually features a sustained left ventricular impulse. It may
include a ventricular gallop, and patients with intracavitary pressure gradients usually have
a prominent systolic murmur associated with a bifid carotid upstroke. The murmur is
typically midsystolic and harsh along the left sternal border, suggestive of aortic outflow
tract obstruction, and more holosystolic at the apex due to mitral regurgitation. Maneuvers
that increase peripheral resistance (e.g., squatting) reduce murmur intensity and, con-
versely, maneuvers that reduce afterload (standing from the squatting position) augment
murmur intensity.

Evaluation

The evaluation aims to establish the diagnosis and, if possible, determine prognosis. The
electrocardiogram usually demonstrates left ventricular hypertrophy. Echocardiography is
the fundamental diagnostic tool, providing information on the distribution and extent of
ventricular hypertrophy (septal, apical, or concentric), the presence and magnitude of an
intraventricular pressure gradient, the severity of mitral regurgitation, systolic anterior
motion of the mitral valve, the size of the LV chamber, and the degree of diastolic dysfunc-
tion. Echocardiographic evaluation in suspected or known cases should always assess for
the presence and severity of an outflow tract gradient at rest and during provocative
maneuvers (e.g., Valsalva, premature ventricular beats).

Most patients can be effectively diagnosed with echocardiography, and routine car-
diac catheterization is not indicated. However, coronary angiography is necessary to ex-
clude concomitant coronary disease in older patients with chest pain. A number of hemody-
namic abnormalities are observed, including an intraventricular pressure gradient that
varies with afterload and displays postextrasystolic potentiation (increased intracavitary
gradient during the postextrasystolic beat), increased LVEDP (left ventricular end-diastolic
pressure) and atrial a-wave, diminished aortic pressure during beats with increased intra-
ventricular pressure gradient (Brockenbrough effect), and a bifid aortic peak systolic pres-
sure form.

Management

Treatment has been offered primarily to patients who have symptoms associated with left
ventricular outflow tract obstruction (i.e., approximately 30% to 40% of patients) and is
directed toward reduction of symptoms and prevention of sudden death. Agents that in-
crease myocardial contractility and intraventricular pressure gradient should be avoided.
Diuretics should be used with caution since excessively decreased ventricular preload may
result in increased intracavitary gradients and orthostatic hypotension.

Beta blockers are the first-line agents, their benefits being related to preventing
tachycardia, reducing left ventricular cavitary gradient, improving diastolic filling, and
reducing myocardial oxygen consumption [30]. Approximately half of patients report
improvement in angina or dyspnea with beta blockade [51–53]. A reasonable therapeutic
goal is to keep the heart rate at 60 bpm at rest, and this may require relatively high doses.

In patients whose symptoms persist despite beta-blockers, the calcium channel
blocker verapamil may be employed to further reduce contractility, heart rate, and intracav-
itary gradient. Care should be taken to monitor cardiac conduction and blood pressure
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after starting verapamil. Occasional patients who remain symptomatic on beta-blockers
or verapamil may benefit from the addition of disopyramide, which possesses potent
negative inotropic effects.

Atrial fibrillation typically results in an abrupt increase in heart rate and dyspnea,
as well as hypotension. Prompt treatment by electrical cardioversion may be needed, and
amiodarone added to help maintain sinus rhythm. Patients with a past history of paroxysmal
or chronic atrial fibrillation are at particularly high risk of thromboembolic complications
and should be maintained on systemic anticoagulation.

Implantation of DDD pacemaker devices in patients with high intracavitary gradients
results in a reduction in gradient and symptoms, and improved exercise capacity in a small
minority (approximately 15%) of cases [54,55]. However, the benefits are highly variable
and DDD pacing is now most often applied in those also needing pacing for conventional
indications, such as symptomatic bradyarrhythmias or in those who are not candidates for
surgical myectomy.

In patients felt to be at high risk for sudden death ICD (implantable cardioverter
defibruillator) implantation is warranted [56]. Risk factors for sudden death, most com-
monly due to ventricular arrhythmias, include younger age, previously sustained ventricu-
lar tachycardia, or a family history of sudden death with HCM [42,43]. Early data suggest
that some mutations may especially predispose to sudden death, but confirmatory informa-
tion on larger numbers of families will be necessary to clarify these observations and
better allow the use of genetic information to play a role in the decision to implant an
ICD (36,37,41–43). Antiarrhythmic drugs, such as amiodarone, have not been prospec-
tively studied in HCM and have significant long-term side effects. Patients should be
advised to avoid vigorous physical activity, since HCM is a well-recognized substrate for
sudden death in apparently healthy athletes [39–42].

Surgical septal myectomy has traditionally been offered to patients whose symptoms
cannot be controlled medically, with the goal of reducing intracavitary outflow tract gra-
dient [57,58]. Effective surgery eliminates or reduces the mitral regurgitation and relieves
symptoms. These benefits occur in 80% to 90% of patients and are long-lasting [58].
However, surgery does not appear to reduce the risk of sudden death in most studies.

Percutaneous alcohol ablation of the septum has recently been employed as a cathe-
ter-based alternative to surgical myectomy [30,59,60]. Injection of alcohol into the first
septal perforator produces focal myocardial infarction in the basal septum and, thereby,
reduces the outflow tract obstruction. The most common complication of the procedure
is complete heart block resulting from conduction system damage, occurring in about 10%
of patients. While 3-year follow-up data are quite encouraging, the long-term benefits and
risks of alcohol septal ablation are as yet unknown.

As HCM has a genetic basis, echocardiographic screening of first-degree relatives
every 3 to 5 years is recommended. Evidence for hypertrophy is most likely to appear
during puberty or early adulthood. Patients with LV cavitary obstruction are at increased
risk for bacterial endocarditis and antibiotic endocarditis prophylaxis is prudent.

RESTRICTIVE CARDIOMYOPATHY

Morphology and Pathology

Restrictive cardiomyopathy (RCM) is characterized by severe diastolic dysfunction, rela-
tively preserved systolic function and left ventricular cavity size, and biatrial enlargement
[61]. Its physiology is very similar to that constrictive pericarditis [62]. Several different
processes may produce severely impaired ventricular filling and restrictive cardiomyopa-
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Table 3 Principle Causes of Restrictive Cardiomyopathy

1. INFILTRATIVE AND STORAGE DISEASES
Amyloidosis
Gaucher or Hurler diseases
Gaucher, Hurler, or Fabry diseases; and glycogen storage

disorders
2. NONINFILTRATIVE

Sarcoidosis
Scleroderma
Radiation
Endomyocardial fibrosis
Hypereosinophilic syndrome
Carcinoid syndrome
Metastatic malignancy

thy, including infiltrative conditions (most commonly amyloidosis), diffuse myocardial
fibrosis, and endocardial fibrosis (Table 3).

The histology of RCM depends upon the cause of the myocardial restriction. Infiltra-
tive disorders, such as amyloidosis, sarcoidosis, or Gaucher, Hurler, or Fabry diseases,
each have a distinct infiltrative histology. Extensive myocardial fibrosis may be idiopathic,
secondary to radiation, eosinophilic myocarditis, or progressive systemic sclerosis (Fig.
6). Dense endocardial fibrosis may be a consequence of hypereosinophilic syndrome or
radiation.

Epidemiology, Natural History, and Etiology

Different etiologic events can lead to the final common pathway of RCM. Therefore, the
epidemiology and natural history of RCM depend on the particular etiology [61,63,64].
Several of the more common will be considered.

Figure 6 Sacromeric proteins subject to mutations resulting in hypertrophic cardiomyopa-
thy and their frequency in reported series. (Adapted from Ref. 46.)
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Cardiac amyloidosis may be considered a paradigm for infiltrative cardiomyopathy
leading to restrictive physiology. Amyloidosis occurs as a consequence of the widespread
multiorgan deposition of amyloid protein, most commonly caused by a plasma cell dyscra-
sia that results in excessive production of an immunoglobulin light chain fragment (AL
amyloid). Cardiac involvement is common in ‘‘primary’’ AL amyloidosis and contributes
seriously to the overall morbidity and mortality of the disease. Early manifestations include
thickening of the left ventricular walls and biatrial enlargement. Initially, ejection fraction
is maintained, but with progressive amyloid infiltration it begins to decrease and the
prognosis for survival is then usually less than a year.

Cardiac amyloidosis often presents as right heart failure, with ascites, increased
central venous pressure, edema, pleural effusions, and exercise intolerance. Concomitant
renal involvement may produce nephrotic magnitude proteinuria, which aggravates the
symptoms of fluid retention. The diagnosis is based on the typical echocardiographic
features previously described, as well as increased myocardial echogenicity (‘‘speckling’’)
and Doppler evidence of impaired diastolic function. While endocardial biopsy can confirm
the diagnosis, an amyloid positive tissue biopsy from elsewhere (e.g., fat aspirate, mucosal,
or rectal biopsy), combined with identification of an amyloid protein in serum or urine,
are usually sufficient to explain the echocardiographic findings. Treatment, in selected
cases, may involve autologous bone marrow stem cell transplantation, or cardiac transplan-
tation [65].

Eosinophilic heart disease includes disorders in which hypereosinophilia and/or eo-
sinophilic myocarditis are associated with endocardial or myocardial fibrosis. Hypereosi-
nophilic syndrome is usually associated with cardiac involvement and has been known as
Löffler endocarditis [66–68]. The disorder is characterized by thromboembolic events,
widespread arteritis, and eosinophilic myocarditis. Both ventricles are subject to mural
thrombosis and dense fibrotic thickening. Damage to valvular support may produce signifi-
cant mitral regurgitation, and biatrial enlargement predisposes to atrial fibrillation. In
equatorial Africa, a similar disease, known as endomyocardial fibrosis (EMF), is not
associated with peripheral eosinophilia [68–71]. EMF may involve either or both ventricles
and sometimes responds favorably to surgical resection of fibrotic endocardium [71].

Hemochromatosis, while generally classified with infiltrative cardiomyopathies, usu-
ally does not present with restrictive physiology. Rather, its clinical picture is more typical
of the dilated cardiomyopathies [72,73]. Patients with hepatic dysfunction, diabetes melli-
tus, and dilated ventricles should be evaluated with serum iron, iron binding capacity, and
ferritin levels.

Idiopathic restrictive cardiomyopathy is diagnosed if no other potential etiology can
be identified. It is characterized by marked biatrial enlargement and predominantly affects
the elderly. Survival rates at 5 and 10 years have been reported to be 64% and 37%,
respectively [63] (Fig. 7). Patients who present with systemic or pulmonary venous conges-
tion and atrial fibrillation have a particularly poor prognosis.

Clinical Presentation

The clinical features of restrictive cardiomyopathy may be difficult to distinguish from
those of constrictive pericarditis, and include abdominal distention, dependent edema,
exercise intolerance, low systemic blood pressure, anorexia, and hepatic congestion. Be-
cause cardiac restriction may affect right-sided filling as much as left-sided filling, pulmo-
nary congestion symptoms, such as paroxysmal nocturnal dyspnea, are not prominent
symptoms.
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Figure 7 Pathology of idiopathic restrictive cardiomyopathy. (left panel): Gross specimen
demonstrates prominent biatrial enlargement and normal ventricular size. (right panel): Light
microscopy showing marked interstitial fibrosis; Hematoxylin and eosin staining, magnifica-
tion X 120. (From Ref. 59a)

Figure 8 Kaplan Meier survival curve for a cohort of patients (n � 94) with idiopathic
restrictive cardiomyopathy compared to expected survival in age- and sex-matched patients.
(From Ref. 63.)
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The physical examination is dominated by signs of ‘‘right-sided’’ heart failure–jugu-
lar venous distention, which increases on inspiration, hepatic enlargement, icterus, ascites,
and anasarca. The left ventricle may be palpable, the P2 augmented, and S3 or S4 gallops
are common.

Evaluation

The workup centers on determining the etiology and distinguishing restrictive cardiomyop-
athy from constrictive pericarditis, the latter requiring surgical pericardiectomy. To distin-
guish constrictive from restrictive disease, thorough noninvasive imaging and invasive
hemodynamic evaluating may be needed. Echocardiography is valuable to assess systolic
and diastolic function and to look for evidence of amyloidosis. MR (magnetic resonance)
imaging or CT (computed tomography) scanning may provide important information on
pericardial thickness and calcification. An optimal catheterization study should include
simultaneous high-fidelity ventricular pressure measurements and respirometry recordings.
In restrictive disease, respiratory maneuvers produces concordant changes in RV (right
ventricle) and LV systolic pressures, whereas constriction usually results in discordant
respiratory variation in ventricular systolic pressures (i.e., greater ventricular interdepend-
ence) [62]. The measurement of ventricular interdependence appears to be more sensitive
and specific for identification of constrictive pericarditis than does measurement of more
traditional hemodynamic parameters [62]. Finally, endocardial biopsy may provide useful
diagnostic information, such as extensive myocardial fibrosis, amyloid infiltration, or evi-
dence of sarcoidosis or storage disease; in constrictive pericarditis the myocardium is
normal.

Management

The approach to management is a challenging one. Attempts to treat the underlying etiology
(amyloidosis–prednisone and melphalan immunosuppression or autologous stem cell
transplantation; hypereosinophilic syndrome–corticosteroids) should be undertaken. Gen-
eral measures include employing as much diuretic as needed to control fluid retention
without producing clinically significant orthostatic hypotension. If tachycardia is contribut-
ing to impaired diastolic filling, beta blockade may be beneficial. The onset of atrial
fibrillation can produce an abrupt increase in symptoms, and urgent efforts to restore sinus
rhythm may need to be undertaken. Inotropic agents are of little benefit.

SUMMARY

The cardiomyopathies present a diverse group of diseases, but can be usefully categorized
into three clinical classes: dilated, hypertrophic, and restrictive. Within each class a variety
of specific etiologies give rise to similar morphology and pathophysiology. Clinical efforts
need to be directed toward proper classification, identification of the etiology, and selection
of appropriate therapy. Advances in genomic medicine may soon permit more accurate
identification of patients with mild symptomatic disease, identify those at high risk of
adverse outcomes, and help guide individualized treatment strategies.
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INTRODUCTION

Approximately 30% to 50% of patients with heart failure are reported to have a normal or
nearly normal left ventricular systolic function [1–7]. This condition has been labeled dia-
stolic heart failure (DHF), and shares several characteristics with systolic heart failure, in-
cluding reduced exercise performance, neuroendocrine activation, reduced quality of life
[8], and a considerably increased mortality risk [1,9]. In this chapter, we will review the
pathophysiology, diagnosis, differential diagnosis, and prognosis of DHF. Treatment of
DHF is discussed in Chapter 17.

PATHOPHYSIOLOGY OF DIASTOLIC HEART FAILURE

DHF is defined as overt congestive heart failure due to the inability of the left ventricle to
fill adequately at normal filling pressures [10]. Left ventricular diastolic dysfunction is a
progressive condition characterized by an increased resistance to ventricular filling and, thus,
an increasing dependence on higher ventricular preload in order to maintain adequate stroke
volume. In diastolic dysfunction, the left ventricular diastolic pressure-volume relation is
shifted upward (Fig. 1) so that for any given left ventricular end-diastolic volume, left ven-
tricular end-diastolic pressure is increased with a corresponding increase in left atrial and
pulmonary venous pressure. This, in combination with the reduced forward cardiac output,
triggers neurohormonal activation, and eventually symptoms and signs of pulmonary and
systemic congestion [8].

From a pathophysiological perspective, left ventricular filling is determined by an
early diastolic rapid-filling phase dependent on active relaxation of the ventricle, (an energy-
dependent process in which the sarcoplasmic reticulum calcium ATPase pump
(SRCa��ATPase) plays a key role [11] and a late diastolic passive-filling phase determined
by the viscoelastic compliance of the ventricle (defined as change in volume for a given
change in pressure during diastolic filling). Reduced ventricular relaxation and/or decreased
compliance are the hallmarks of diastolic dysfunction, which eventually leads to DHF [10].
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Figure 1 Two sets of pressure-volume loops, the dashed ones have increased filling pres-
sures compared to the solid ones. Left panel illustrates how an increased left ventricular vol-
ume may shift the pressure-volume loop to the right, to a steeper portion of the same curve.
Right panel curve illustrates how an increased myocardial stiffness or pericardial restraint may
shift the diastolic pressure-volume curve upward and to the left. (Adapted from Ref. 66. Copy-
right 1997 American College of Cardiology Foundation.)

Impaired relaxation can be caused by factors such as delayed inactivation of contrac-
tion, diminished ventricular load dependence, and increased nonuniformity of relaxation
[12–14]. Ventricular compliance has a multitude of determinants, including diastolic suc-
tion, passive filling, pericardial restraint, ventricular interaction, viscoelastic properties, and
possibly coronary vascular engorgement. In addition, abnormalities involving increased
myocardial stiffness or increased pericardial restraint would tend to shift the diastolic pres-
sure-volume relation upward and to the left, whereas an increased left ventricular volume
would move the ventricle to the right to a steeper segment of the pressure-volume curve (Fig.
1), both ultimately leading to elevated left ventricular filling pressure.

Relaxation abnormalities are early manifestations in hypertensive and coronary dis-
ease, and can be induced by acute processes such as ischemia. Abnormal ventricular compli-
ance is often a later stage in the progression of diastolic dysfunction (Fig. 2) and is frequently
the result of chronic processes, such as hypertrophy or infiltrative disorders. Thus, several
contributory factors for reduced ventricular relaxation and/or compliance are extrinsic to
the heart [10,12–15]. Overt congestive DHF is often a result of a combination of an acute
precipitating factor and an underlying state of subclinical left ventricular diastolic dysfunc-
tion.

Recently, it has been questioned whether diastolic dysfunction is a cause or a conse-
quence of elevated ventricular filling pressures. Investigators have evaluated the left ventric-
ular pressure-volume curves in patients with congestive heart failure and normal left ventric-
ular ejection fraction, and reported a range of patterns. An upward and leftward shift of the
pressure-volume curve was not present in several patients [16]. Additional investigations
are warranted to confirm these findings.

Increased vascular stiffness with age (abnormal ventriculo-vascular coupling, i.e., a
stiffer heart ejecting into a stiffer vascular tree) [17–19] has also emerged as a major patho-
physiological abnormality underlying DHF [8,20,21]. Increased vascular stiffness is associ-
ated with augmentation of the pulsatile load on the heart. At any given level of mean arterial
pressure, an increase in pulsatile load, and, therefore, total hemodynamic load, may result
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Figure2 Progressionofdiastolicheart failure fromanormalventricleviaabnormal relaxation
and a pseudonormal pattern to a restrictive pattern, illustrated by ventricular and atrial pres-
sures and corresponding transmitral and pulmonary venous flow velocities, tissue Doppler
velocities, and color M-mode patterns. LV, left ventricular; LA, left atrial; E, early peak filling
velocity; A, peak filling velocity during atrial systole; S, peak systolic pulmonary venous flow
velocity; D, peak diastolic pulmonary venous flow velocity; AR, retrograde flow during atrial
systole; e’, peak early myocardial velocity; a’, peak myocardial velocity during atrial systole;
Vp, ventricular flow propagation velocity. See Table 3 for diagnostic cut-off values.

from an increase in characteristic impedance of the aorta, which directly impacts early sys-
tolic pressure and peak LV (left ventricle) force and wall stress, or from premature return of
the reflected pressure wave during systole, which increases late systolic LV load and has a
deleterious effect on diastolic function [22–24].

At a cellular level, numerous myocardial and extramyocardial factors may promote
diastolic functional abnormalities [25]. These are reviewed in detail elsewhere [25]. Briefly,
myocardial factors include altered cardiomyocyte function and alterations in the extracellu-
lar matrix. Cardiomyocyte factors include changes in calcium homeostasis (changes in sarco-
lemmal channels for short- and long-term calcium transport; changes in SRCa��ATPase;
changes in phosphorylation state of phospholamban, calsequestrin, and calmodulin that can
influence SRCa��ATPase), alterations in myofilaments and cytoskeleton, and abnormali-
ties in myocardial energetics. Changes in the content of fibrillar collagen in the matrix may
predispose to diastolic dysfunction. Extramyocardial factors include alterations in afterload
(vascular stiffness, previously discussed), and in pericardial restraint.

The cellular changes that mediate diastolic dysfunction, in turn are influenced by nu-
merous signaling pathways involving endocrine, paracrine, and autocrine factors [26–28].
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Briefly, these include neurohumoral activation (renin-angiotensin-aldosterone,and natri-
uretic peptide pathways), sympathetic nervous system, cytokines of the gp130 family,
growth factors, proteolytic enzymes (matrix metalloproteinases), and cardiac endothelial ni-
tric oxide pathways [26–31].

DIAGNOSING DIASTOLIC HEART FAILURE

A person can be said to have DHF when there is [32]:

a. Objective evidence of congestive heart failure
b. Objective evidence of normal left ventricular systolic function
c. Objective evidence of left ventricular diastolic dysfunction
d. Resolution of symptoms with treatment directed at the etiology of the diastolic

dysfunction

Objective Evidence of Congestive Heart Failure

Congestive heart failure is a syndrome identified by a combination of clinical signs and
symptoms that lacks a universally accepted definition. A number of diagnostic definitions
using clinical criteria exist [33–38]. These definitions have variable sensitivities and speci-
ficities for heart failure depending on the severity of heart failure diagnosed and the desired
degree of certainty in the diagnosis [39,40]. Although primarily intended for epidemiological
purposes, a definition such as the Framingham Heart Study Heart Failure Criteria [33] can
be helpful for clinicians (Table 1).

The clinical diagnosis of heart failure is especially imprecise in the setting of primary
care [41,42]. Recently, investigators have raised the possibility that a majority of general
practice patients diagnosed with DHF have, in fact, been misdiagnosed, and have either obe-
sity or pulmonary disease as the etiology of breathlessness [43,44]. In hospital-based set-
tings, objective evidence of heart failure typically consists of a combination of the clinical
signs and symptoms of heart failure and laboratory blood and x-ray tests, with or without
documentation of elevated left ventricular filling pressures or a low cardiac index [45,46].
Measurement of B-type natriuretic peptide in the emergency care setting has been shown to

Table 1 Framingham Heart Study Criteria for Congestive Heart Failure

Major Criteriaa Minor Criteria

Paroxysmal nocturnal dyspnea Bilateral ankle edema
Jugular venous distension Nocturnal cough
Pulmonary rales Dyspnea on ordinary exertion
Radiographic cardiomegaly Hepatomegaly
Acute pulmonary edema Pleural effusion
Third heart sound Decrease in vital capacity by 1/3
Central Venous Pressure �16 cm H2O Heart rate �120 beats/minute
Hepatojugular reflex
Autopsy: pulmonary edema, visceral congestion or cardiomegaly
Weight loss �4.5 Kg in 5 days in response to treatment for

congestive heart failure

aTwo major, or one major plus two minor criteria required for diagnosis of congestive heart failure.
(From Ref. 33.)
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be a useful adjunct for the diagnosis of congestive heart failure in patients with acute dyspnea
[47,48].

In the differential diagnostic decision between congestive heart failure and other non-
cardiac reasons for dyspnea, the clinician should pay attention to the following features
(Table 2). Symptoms of heart failure include exertional dyspnea, paroxysmal nocturnal dys-
pnea and orthopnea, which are all indicative of pulmonary venous hypertension. Signs of
heart failure comprise a displaced apical impulse (indicating cardiac enlargement), S3 or S4
gallops (suggestive of elevated left ventricular end-diastolic pressure), increased pulmonic
component of the second heart sound (indicative of pulmonary arterial hypertension), ele-
vated jugular venous pressure, hepatomegaly with positive hepatojugular reflux, and periph-
eral edema (correlates of right ventricular failure). X-ray features of heart failure include
enlargement of the cardiac silhouette, alveolar or interstitial pulmonary edema, pulmonary
vascular redistribution, Kerley B lines, and pleural effusion. Interobserver reproducibility
of some of the key clinical signs that distinguish cardiac from noncardiac causes of dyspnea
is only fair, especially among nonspecialists, rendering the diagnosis of heart failure chal-
lenging sometimes. If diagnostic uncertainty persists, pulmonary and thyroid function tests,
exercise tolerance test, as well as catheterization and angiography may aid in the differential
diagnosis [45,46]. Right heart catheterization may be indicated if the clinical presentation is
equivocal and there is the following: echocardiographic evidence of pulmonary hyperten-
sion; radiographic evidence of interstitial lung disease; unexplained peripheral edema.

Objective Evidence of Normal Left Ventricular Systolic Function

The second step in diagnosing DHF requires verifying the presence of a normal or near nor-
mal left ventricular systolic function. The clinical differentiation of normal from reduced

Table 2 Features Distinguishing Cardiac from Pulmonary Causes of Dyspnea

Features more common in cardiac dyspneaa

History of paroxysmal nocturnal dyspnea
History of myocardial infarction, high blood pressure, or valve disease
Displaced apical impulse
S3 or S4 gallop
Cardiac murmur
Elevated jugular venous pressure
Cardiac enlargement, interstitial edema, pulmonary vascular redistribution on x-ray
Echocardiography: left ventricular dilation, hypertrophy, wall motion abnormalities, pulmonary

hypertension
Cardiopulmonary exercise: low anerobic threshold; lack of desaturation with exercise
Right heart cardiac catheterization: elevated right-sided filling pressures, increased right

ventricular systolic/pulmonary systolic pressure, elevated pulmonary capillary wedge pressure
Features more common in pulmonary causes of dyspneaa

History of chronic bronchitis; cough/dyspnea relieved with expectoration of sputum
Absence of signs noted above that favor cardiac dyspnea
Pulmonary function tests indicate an airway obstruction pattern
Cardiopulmonary exercise: significant desaturation, development of bronchospasm with falling

forced expiratory volume in 1 sec
Right heart cardiac catheterization: normal pulmonary capillary wedge pressure, pulmonary

arterial pressure may be elevated if pulmonary hypertension is present

aBoth conditions may coexist resulting in a mixed pattern.
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left ventricular systolic function is notoriously difficult. No single clinical symptom or sign
has an acceptable positive or negative predictive value to be clinically useful for distinguish-
ing systolic from DHF [49]. An electrocardiographic anterior Q-wave, or a left bundle branch
block pattern or a history of coronary revascularization would favor an increased probability
of systolic dysfunction in a patient with heart failure, whereas a markedly elevated blood
pressure would support the presence of DHF [50]. B-type natriuretic peptide levels are ele-
vated in patients with predominant diastolic dysfunction [51], but is not useful in differentiat-
ing between diastolic and systolic dysfunction [52].

It is therefore important to perform an imaging study to estimate left ventricular sys-
tolic function in all heart failure patients [45,46]. For this purpose, imaging techniques such
as echocardiography or radionuclide angiography, and in the case of patients undergoing
cardiac catheterization, contrast ventriculography, have been used. The use of ejection phase
indices is mostly used, although they are limited by their variation with cardiac loading condi-
tions [53,54]. The demonstration of a left ventricular ejection fraction of 0.50 or greater on
an imaging study strongly favors a diagnosis of DHF [32].

Objective Evidence of Left Ventricular Diastolic Dysfunction

Left ventricular diastolic dysfunction is defined as the inability of the left ventricle to fill
adequately at a pressure less than 12 mm Hg [55]. Because most symptoms of congestive
heart failure are due to an elevation of diastolic filling pressure, almost all patients with mani-
fest heart failure by definition have diastolic dysfunction. Thus, the most common cause of
left ventricular diastolic dysfunction is left ventricular systolic dysfunction. Isolated diastolic
dysfunction is present when there is objective evidence of diastolic dysfunction with a nor-
mal systolic function. The clinical presentation of these patients ranges from congestive heart
failure with preserved systolic function at one end, to exercise intolerance due to a failure to
increase end-diastolic volume with exercise (resulting in elevated pulmonary venous pres-
sure) in a subject who is asymptomatic at rest, at the other end [56]. An intermediate subset
of subjects includes those who are critically dependent on an enhanced atrial contribution to
ventricular filling; atrial arrhythmias can precipitate heart failure in such individuals [56].

Definitive determination of diastolic function involves assessing left ventricular dia-
stolic pressure-volume relations using cardiac catheterization [13]. An upward or rightward
shift of the diastolic pressure-volume relation indicates diastolic dysfunction. This invasive
analysis, albeit the gold standard for researchers, is not feasible to obtain routinely in clinical
practice. Accordingly, attention has been focused on noninvasive methods of assessment
of diastolic function, including imaging modalities such as echocardiography [14,57,58],
radionuclide angiography [59,60], computed tomography [61], and magnetic resonance im-
aging [62].

It has recently been demonstrated that virtually all heart failure patients with normal
echocardiographic systolic function have evidence of abnormal left ventricular diastolic
function on comprehensive invasive assessment [63]. Doppler echocardiography is the im-
aging modality of choice in assessing DHF, as it provides information on valve disease (im-
portant to exclude prior to the diagnosis of DHF); tricuspid regurgitation (for assessing the
degree of pulmonary arterial hypertension); rare causes of DHF (such as constrictive pericar-
dial disease and hypertrophic or infiltrative cardiomyopathy); as well as features supporting
the presence of left ventricular diastolic dysfunction. The latter include increased left ventric-
ular mass, presence of concentric left ventricular hypertrophy, left atrial enlargement, and
altered Doppler transmitral and pulmonary venous flow patterns [64–68].

Doppler echocardiography can be used to determine isovolumic relaxation time
(IVRT), the time from aortic valve closure to the onset of mitral inflow. Normal transmitral
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Doppler flow consists of an early diastolic wave during the phase of rapid filling (E wave)
and a late diastolic wave during atrial systole (A wave) separated by a period of diastasis.
The transmitral flow patterns can provide information on impaired relaxation (a decreased
peak E wave, a prolonged deceleration time of the early filling peak [time from peak of the
E wave to its nadir], and a compensatory increased A wave) and abnormal compliance (a high
E wave, a rapid deceleration, and a low A wave velocity, see Figure 2), aided by information
obtained from pulmonary venous flow velocities. The normal pulmonary venous flow con-
sists of forward flow during systole (S wave) and diastole (D wave), and retrograde flow
during atrial systole (AR). The S/D pulmonary venous flow velocity ratio is increased in
isolated relaxation abnormality conditions, and decreased together with increased retrograde
flow during atrial contraction (AR) in compliance abnormalities [66].

These flow patterns are driven by instantaneous transmitral pressure gradients, and
vary with age, loading conditions, heart rate, and ventricular systolic function [67], and ex-
hibit a circadian variation [69]. Thus, although diastolic flow patterns can indicate the possi-
ble presence of diastolic functional abnormalities [64,67], the diastolic filling patterns must
be distinguished from diastolic function itself. In addition, transmitral flow pattern pathology
may progress over time. The first stage is thought to be isolated impaired relaxation, and
as left atrial pressure increases, the early filling velocity component becomes increasingly
dominant, and the pathology progresses via a pseudonormal stage (when the transmitral pat-
tern appears normal due to restoration of the height of the E wave by elevated atrial pressure)
to a restrictive pattern (Fig. 2) [66]. A pseudonormal transmitral waveform can be readily
distinguished from a normal pattern if pulmonary venous flows are available.

Other echocardiographic modalities for assessment of diastolic function, such as tissue
Doppler imaging, color-M-mode, and strain rate imaging, will likely contribute to increasing
diagnostic certainty of DHF in the future [68,70]. Tissue Doppler imaging can quantitate the
velocity of mitral annular motion in systole and diastole [71]. During systole, the descent of
the mitral annulus is a measure of the longitudinal function of the left ventricle. The diastolic
velocity of the mitral annulus is influenced by the relaxation of the surrounding myocardial
segment. With the sample volume placed sequentially at the medial and lateral mitral annu-
lus, the early diastolic velocities (e’) and late diastolic velocities (a’) can be obtained and
averaged. Color M-mode Doppler echocardiography evaluates all velocities along a scan
line aligned with the mitral inflow [68,70,72]. The velocity of flow propagation into the left
ventricle (Vp) can be determined by the slope of the color wave front. A left ventricle with
normal relaxation demonstrates rapid flow propagation, whereas a slowly relaxing ventricle
is associated with blunted flow propagation. Proposed critical values for some of these echo-
cardiographic measures are summarized in Table 3.

A newer technique for assessing regional myocardial function in systole and diastole
is strain rate imaging (SRI) [72,73]. Strain rate imaging uses tissue Doppler to measure veloc-
ities along a scan line oriented parallel to a myocardial segment. Strain rate is the differential
between myocardial velocities at two points normalized by the distance between them; a
positive strain rate corresponds to myocardial lengthening or thinning, whereas a negative
strain rate corresponds to myocardial shortening or thickening [72,73]. Regional abnormali-
ties of diastolic function are evidenced by reduced early diastolic strain rate and slower prop-
agation of ventricular relaxation from the base to the apex during diastole.

Radionuclide ventriculography can also provide information on diastolic volumes,
early and late diastolic filling rates, and diastolic time intervals. Thus, reliable measure-
ments can be obtained regarding the peak diastolic filling rate, the time to peak filling,
proportion of filling that occurs during early diastole, and the atrial contribution to
diastolic filling [59].
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Table 3 Echocardiographic Diastolic Function Criteria

Delayed Pseudo-
Parameter Normal Relaxation normal Restrictive

E, early peak filling velocity; A, peak filling velocity during atrial systole; A dur, duration of the A wave; DT,
deceleration time; IVRT, isovolumic relaxation time; S, peak systolic pulmonary venous flow velocity; D, peak
diastolic pulmonary venous flow velocity; AR, retrograde flow during atrial systole; e’, peak early myocardial
velocity; a’, peak myocardial velocity during atrial systole; Vp, early diastolic ventricular flow propagation
velocity. See Figure 2 for graphic illustration of patterns. (Adapted from Ref. 70. Copyright 1998 American
College of Cardiology Foundation.)

Transmitral
Flow

Pulmonary
Venous
Flow

Tissue
Doppler

Color M-
Mode

E/A
DT, ms
IVRT, ms
S/D
AR, ms
AR-A dur, ms
e’, cm/s
E/e’
Vp, cm/s

�1
�220
�100
�1
�35
�20
�8
�10
�45

�1
�220
�100
�1
�35
�20
�8
�10
�45

1–2
150–200
60–100
�1
�35
20–30
�8
�10
�45

�2
�150
�60
�1
�35
�30
�8
�10
�45

Cardiac magnetic resonance imaging is an accurate and reproducible method for
measuring cardiac volumes, wall thickness, and left ventricular mass [62]. Phase contrast
magnetic resonance imaging may be used to assess diastolic flow patterns and ventricular
filling [74]. Currently, however, magnetic resonance imaging is only indicated in heart
failure when other imaging techniques have not provided adequate diagnostic information
[46].

It remains to be proven if detailed assessment of diastolic function provides informa-
tion that will influence management of a heart failure patient with known systolic function.

Clinical Improvement by Treating Precipitating Factors

When treating a patient with an acute episode of DHF, the aims should include relief of
symptoms, reversing the congestive state, rectification of the acute precipitating factors,
and initiating treatment of identifiable underlying causes.

The distinction between precipitating factors and the underlying etiology of DHF
is important to make. The precipitating factors are events or conditions that by themselves
do not cause diastolic left ventricular dysfunction, but can cause acute decompensation
in an otherwise compensated patient with subclinical diastolic dysfunction. Typical treat-
ments of precipitating factors include treatment of acute hypertension, antibiotic treatment
of bacterial pneumonias, and restitution of sinus rhythm in atrial fibrillation.

Merely stating that a given patient has DHF gives less information and guidance for
treatment than stating that, for example, a patient has DHF with concentric left ventricular
hypertrophy, precipitated by an episode of atrial fibrillation, with uncontrolled chronic
hypertension as the underlying cause. Such a comprehensive diagnostic description in-
cludes specific components at which therapy should be directed. Thus, the patient would
need diuresis, control of ventricular rate or reversion to sinus rhythm, control of HTN
(hypertension), and might be helped by regression of left ventricular hypertrophy (chapter
17 for detailed approach).
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Diagnosing Diastolic Heart Failure at the Bedside

Because definitive demonstration of abnormal left ventricular pressure-volume relations
requires cardiac catheterization, development of diagnostic criteria for DHF using noninva-
sive technology that can be used in routine clinical practice is imperative. A rational
approach would be to suggest that the source of heart failure symptoms is likely to be
left ventricular diastolic dysfunction in patients with a normal left ventricular ejection
fraction without valve disease and noncardiac causes of the symptoms. Since therapy of
diastolic heart failure remains empirical, it would be difficult to evaluate the fourth criterion
mentioned.

In 1998, a European study group proposed criteria for the diagnosis of DHF
[75], although the clinical utility of these criteria was limited because of the need for
evidence of abnormal left ventricular relaxation, filling, diastolic distensibility, or
diastolic stiffness. In 1999, our group offered an alternative approach to diagnosis of
DHF that accepts diagnostic uncertainty and makes diagnosis of the condition more
clinically feasible [32]. We have since modified our original classification scheme,
dropping an initial requirement for estimation of left ventricular ejection fraction within
72 hours of heart failure onset, as left ventricular ejection fraction has been shown
to be relatively constant over the course of a week in patients with acute DHF [76].
This classification approach was suggested for patients who do not have heart failure
attributable to valvular heart disease, cor pulmonale or volume overload. According
to these criteria (Table 4), a patient who meets the following three conditions can be
said to have definite DHF: (a) there is objective evidence of heart failure; (b) there
is objective evidence of normal left ventricular systolic function; and (c) there is
objective evidence of left ventricular diastolic dysfunction. In the absence of a cardiac
catheterization, we proposed that patients can be categorized as having probable DHF
if the etiology of heart failure is deemed likely to be diastolic dysfunction (Table 4)
in heart failure patients with a normal left ventricular ejection fraction (provided mitral
valve disease, cor pulmonale, volume overload and noncardiac causes of symptoms
are excluded). If only the first two criteria are fulfilled, the patient may be said to
have presumed DHF.

PREVALENCE

In 31 hospital-based reports, the proportion of heart failure patients with presumed DHF
(satisfying our first two criteria) varied from 13% to 74%, with a majority of studies
reporting values of approximately 40% [1]. Studies including elderly subjects had a high
proportion (about 45%), whereas studies focusing on middle-aged patients with chronic
heart failure reported a lower proportion (about 15%). Studies with a mixed sample of
patients with acute and chronic heart failure reported intermediate estimates (usually 25%
to 40%). Hypertension and coronary artery disease were frequently associated with DHF
in these studies [1].

Only six of these 31 studies assessed probable DHF using noninvasive methods.
The prevalence of DHF in these studies ranged from 23% to 42%, with four of the six
studies reporting estimates of about 25% [1]. Two other studies [77,78] reported case series
of patients with definite DHF by cardiac catheterization without angiographic evidence of
coronary artery disease. Systemic hypertension was the underlying substrate for diastolic
dysfunction in most patients.
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Table 4 Modified Criteria for Diastolic Heart Failure

Criterion Objective Evidence

Rule out valve disease before applying this scheme.
adefined as systolic pressure �160 mm Hg or diastolic pressure �100–105 mm Hg (50).

Definite Diastolic
Heart Failure

Probable Diastolic
Heart Failure

Presumed
Diastolic Heart
Failure

Objective evidence of
congestive heart
failure

Objective evidence of
normal left ventricular
systolic function

Objective evidence of
left ventricular
diastolic dysfunction

Objective evidence of
congestive heart
failure

Objective evidence of
normal left ventricular
systolic function

Objective evidence of
left ventricular
diastolic dysfunction
is lacking

Objective evidence of
congestive heart
failure

Objective evidence of
normal left ventricular
systolic function

Includes clinical symptoms, signs, supporting
tests (such as chest x-ray), a typical clinical
response to treatment with diuretics, with or
without documentation of elevated left
ventricular filling pressure (at rest, on
exercise, or in response to a volume load)
or a low cardiac index

A left ventricular ejection fraction � 0.50

Abnormal left ventricular
relaxation/filling/distensibility indices on
cardiac catheterization

As above

As above

Factors increasing likelihood of diastolic heart
failure are evidence of:

Markedly elevated blood pressurea during the
episode of heart failure

Echocardiographic concentric LVH without
wall motion abnormalities

A tachyarrhythmia with a shortened diastolic
filling period

Precipitation of event by a small amount of
intravenous fluid infusion

Clinical improvement in response to therapy
directed at the etiology of diastolic
dysfunction (such as lowering blood
pressure, reducing heart rate, or restoring
the atrial booster mechanism)

As above

As above

In epidemiologic investigations of DHF in the community, the proportion of heart
failure patients with presumed DHF varied from 44% to 71% [2–4,9,79], which is consid-
erably higher than that reported by hospital-based studies. This difference may be attributed
to the high proportion of elderly ambulatory subjects with heart failure and absence of
referral bias in the community-based investigations.
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The prevalence of echocardiographically determined isolated diastolic dysfunction
ranged between 3% and 20% (depending on criteria used) in community-based studies,
suggesting that diastolic dysfunction is at least as prevalent as systolic dysfunction in the
community [79–81].

THE ETIOLOGY

DHF is more frequent in the elderly and occurs more often in women than men. Hyperten-
sion and coronary disease are the most common underlying causes of DHF [1,2,7,9,82],
and diabetes and obesity are additional important risk factors [2,83]. Prevention and treat-
ment of hypertension and coronary disease decreases the incidence of heart failure [84–86],
and recent guidelines suggest that blood pressure goals could be lower in patients with
hypertension and DHF than for patients with hypertension alone [45].

Following is a list of important clinical conditions in which isolated diastolic dys-
function is frequently associated with heart failure (summarized in Table 5). The individual
factors impairing diastolic ventricular function are often not per se sufficient to precipitate
heart failure, but several such factors acting in concert may cause decompensation and an
episode of overt heart failure. Thus, the incidence of atrial fibrillation with tachycardia
in a previously compensated patient with diabetes and left ventricular hypertrophy may
precipitate heart failure, as may an episode of exertional angina in an individual with
uncontrolled hypertension, and a blood transfusion in an anemic elderly patient.

Hypertension

Hypertension is a leading cause of heart failure, with a population attributable risk for
heart failure estimated to be 59% in women and 39% in men [87]. Heart failure risk
decreases by approximately 50% with antihypertensive treatment [88]. Heart failure in
hypertensive subjects often develops in the absence of a myocardial infarction, suggesting
an important role of ventricular diastolic dysfunction in these subjects [87]. The clinical

Table 5 Conditions Associated
with High Prevalence of Diastolic
Heart Failure

Hypertension
Left ventricular hypertrophy
Myocardial fibrosis
Coronary artery disease
Diabetes
Obesity
Female sex
Advanced age
Aortic stenosis
Hypertrophic cardiomyopathy
Restrictive cardiomyopathy
Sustained tachycardia
Constrictive pericarditis
Hypothyroidism
Hypervolemia
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presentation of DHF in hypertensives is varied. Some patients present with severe uncon-
trolled hypertension and acute pulmonary edema [76,89], which can be reversed by lower-
ing blood pressure [76,89]. At the other end of the spectrum are hypertensives with left
ventricular hypertrophy who are asymptomatic under resting conditions, but who may
experience exertional dyspnea due to a relative inability to augment their ventricular end-
diastolic volume upon exercise [90].

The mechanisms underlying DHF seen in hypertensives have been extensively inves-
tigated. In adult patients with diastolic [91,92], isolated systolic [93], borderline isolated
systolic [94], and combined systolic and diastolic hypertension [95], as well as in children
with hypertension [96], an abnormal diastolic filling pattern characterized by impaired
early diastolic ventricular filling with an enhancement in late diastolic filling (due to atrial
systole) has been reported, indicating subnormal left ventricular relaxation with normal
ventricular compliance [97]. A prolonged isovolumic relaxation time has also been demon-
strated in hypertensive persons [98]. Patients with DHF have stiff large arteries and an
increased blood pressure lability [8,20,99]. In addition, hypertension is associated with
left atrial enlargement, depression of atrial contractile function, and increased risk for atrial
fibrillation [100,101], which can precipitate overt heart failure in patients with underlying
ventricular diastolic dysfunction [56].

Possible contributing factors for the diastolic dysfunction observed in hypertensive
patients include myocardial fibrosis and left ventricular hypertrophy (see following text),
although they do not always accompany hypertension [102,103]. Blood pressure reduction
with an ACE-inhibitor combined with spironolactone [104], or an ACE-inhibitor alone
[105], has been demonstrated to result in decreases in both left ventricular mass and plasma
levels of fibrosis markers. This may suggest that increased myocardial collagen content
is partly responsible for the increased left ventricular mass and diastolic dysfunction in
left ventricular hypertrophy. On the other hand, with similar effects on blood pressure,
ACE-inhibitor treatment decreased myocardial collagen content and improved diastolic
function but had no effect on left ventricular mass, whereas hydrochlorothiazide treatment
reduced myocyte diameter but did not reduce fibrosis [106]. This may indicate that left
ventricular mass is mainly determined by loading conditions, whereas myocardial fibrosis
and diastolic dysfunction may be the detrimental effects of certain neurohormonal agents
[106]. The hypothesis that left ventricular hypertrophy and myocardial fibrosis are regu-
lated independently of each other and, to some extent, of blood pressure is supported by
some experimental evidence [107–109].

Mediators that promote hypertrophy have been extensively detailed elsewhere [110].
They include vasoactive peptides, growth factors, hormones and neurotransmitters (endo-
thelin, angiotensin II, fibroblast growth factor, insulin-like growth factor, cardiotrophin-
1) [110]. Estrogens and the natriuretic peptides are antihypertrophic. The prohypertrophic
factors trigger intracellular signaling cascades that activate fetal gene programs and a
hypertrophic response [110]. Signalling pathways activated in hypertension include mem-
bers of the mitogen-activated protein kinase (MAPK) superfamily (the p38 MAPK, the
extracellular regulated kinases [ERK] and c-Jun kinases), the gp130 family (the JAK/
STAT pathway), and the calcineurin pathway [110].

Left Ventricular Hypertrophy

Early diastolic filling abnormalities in hypertensives correlates with increased left ventricu-
lar mass [91,93,111,112]. Left ventricular hypertrophy is one of the most common causes
of isolated diastolic dysfunction, and an important independent risk factor for heart failure
[65,113,114]. A common precursor of DHF is a condition referred to as hypertensive
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hypertrophic cardiomyopathy of the elderly. [115]. This term refers to elderly patients
who are frequently female, have systolic hypertension, and present with marked ventricular
hypertrophy, a supernormal left ventricular ejection fraction, and a propensity for develop-
ing pulmonary edema.

Myocardial Fibrosis

Myocardial fibrosis with increased interstitial collagen deposition is another mechanism
behind diastolic dysfunction in hypertensive subjects. There is a strong relation between
left ventricular stiffness and myocardial collagen content [106,116] and plasma levels of
fibrosis markers [117] in hypertensive persons. Improvement of diastolic function during
antihypertensive treatment is related to regression in myocardial collagen content
[106,116].

Coronary Artery Disease

Acute ischemia can cause DHF [118], illustrated by the fact that patients with unstable
angina frequently have elevated pulmonary capillary wedge pressure during episodes of
ischemia, with normal ventricular systolic function [119]. Similar observations have been
made during pacing-induced tachycardia, during exertional angina [118], and during coro-
nary angioplasty [120]. The dyspnea associated with short episodes of angina is believed
to indicate a transient elevation in left ventricular filling pressure due to ischemia-induced
abnormalities of myocardial distensibility [118], which is also exemplified by the episodes
of acute pulmonary congestion observed in elderly subjects with chronic coronary disease
during episodes of acute ischemia, so called flash pulmonary edema [121,122].

The type of acute ischemia may determine the left ventricular function, as isolated
diastolic dysfunction is commonly found during episodes of demand ischemia, such as
exercise, in contrast to the combined systolic and diastolic ventricular dysfunction more
often found in supply ischemia, such as coronary occlusion [118].

Diabetes

Diabetic patients are at greater risk of developing DHF, due partly to the diabetic state
itself [123], and partly to the increased myocardial mass [124] and concomitant coronary
disease that frequently accompany diabetes [56].

A characteristic feature of type-2 diabetes is whole-body insulin resistance, which
is related to increased left ventricular relative wall thickness and concentric remodeling
[125,126]. In contrast, myocardial insulin sensitivity appears to be increased with increased
left ventricular relative wall thickness [126]. An increased myocardial insulin-mediated
glucose uptake may be involved in the pathogenesis of the growth of the left ventricular
walls in diabetic persons, supported by the experimental observation that induced hyperin-
sulinaemia leads to marked ventricular hypertrophy [127].

Diabetic persons are subject to an increased cross-linking of collagen by advanced
glycation end-products. This takes place both in the arterial walls and in the myocardium,
and leads to a decreased arterial compliance and increased myocardial stiffness [128],
both of which contribute to diastolic dysfunction [21]. Arterial and myocardial stiffness
can be improved by treatment with advanced glycation end-product cross-link breakers
[129].

Obesity

Obesity is an independent predictor of both systolic and DHF [83]. Severe obesity is
associated with heart failure with preserved left ventricular systolic function [130]. Contrib-



Sundström and Vasan170

utory factors may be impairment of ventricular relaxation and increased chamber stiffness
(elevated left ventricular mass) [131], as well as the increased left ventricular relative wall
thickness, which frequently accompanies central obesity-related insulin resistance [125]
(see previous text).

Aging

A decline in left ventricular diastolic function has been associated with aging [18]. Elderly
subjects demonstrate higher left ventricular end-diastolic pressures in the presence of
smaller end-diastolic volumes [132]. This age-related diastolic dysfunction renders elderly
subjects vulnerable to overt heart failure (with normal left ventricular systolic function)
when an additional stress (such as ischemia, elevated blood pressure, volume overload,
sustained tachycardia or atrial fibrillation) is superimposed.

Aortic Stenosis

Aortic valvular stenosis patients frequently present with heart failure symptoms with a
normal left ventricular ejection fraction, suggesting an important role of diastolic dysfunc-
tion in the pathogenesis of the symptoms [133]. Obstruction of forward flow, especially
upon obstruction, contributes to exertional dyspnea and fatigue. Surgical correction of the
aortic stenosis relieves heart failure symptoms and regresses the left ventricular hypertro-
phy, supporting a causal relation between valvular obstruction, left ventricular hypertrophy,
diastolic dysfunction, and the heart failure symptoms.

Hypertrophic Cardiomyopathy

Patients with hypertrophic cardiomyopathy are characterized by a variable degree of left
ventricular hypertrophy, which is frequently asymmetric and exhibits myocardial fiber
disarray and dynamic ventricular outflow tract obstruction (see Chapter 8). The echocardio-
graphic features display a spectrum of abnormalities including asymmetrical septal hyper-
trophy, variable degree of dynamic left ventricular outflow obstruction, systolic anterior
motion of the mitral valve, and a hypokinetic thick septum with vigorous posterior wall
motion. Myocardial scarring has recently been demonstrated on gadolinium-enhanced
magnetic resonance imaging [134].

The condition is inherited as an autosomal dominant trait. Mutations in genes coding
for the beta-myosin heavy chain (40%), cardiac troponin T (15%), I, alpha tropomyosin
(5%), myosin binding protein C (20%), myosin light chain 1 and 2, cardiac alpha actin,
and titin have been reported [135,136].

The hallmark of this condition is left ventricular diastolic dysfunction [56], due to
increased chamber stiffness and a slower and asynchronous relaxation. The onset of atrial
fibrillation can precipitate acute pulmonary edema in these subjects [137]. The causal role
of isolated diastolic dysfunction in the genesis of the dyspnea and episodes of pulmonary
congestion often found in these patients, is confirmed by the relief of symptoms by beta-
blockers and calcium channel antagonists (which improve diastolic function) and surgical
myotomy-myectomy [138].

Restrictive Cardiomyopathy

Characteristic of this condition is a left ventricle with normal volume and systolic function
but decreased compliance. The left ventricle fills rapidly in early diastole with little or
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no further filling in late diastole [139]. These patients initially exhibit isolated diastolic
dysfunction, but may develop a variable degree of systolic dysfunction over time. This
condition often results from endocardial abnormalities, such as Loffler’s endocarditis or
endomyocardial fibrosis, or myocardial infiltration, due to amyloidosis, sarcoidosis, hem-
ochromatosis or cardiac transplant rejection. The hemodynamic and echocardiographic
features that help distinguish restrictive cardiomyopathies from constrictive pericarditis
are noted in the next section. Right ventricular transvenous endomyocardial biopsies may
be required to identify the etiology of restriction.

Constrictive Pericarditis

Constrictive pericarditis is a recognized cause of restricted ventricular filling with markedly
elevated filling pressures and normal systolic function [119,140]. The pathophysiological
abnormalities underlying constrictive pericarditis stem from the encasement of the heart
in an inflexible fibrotic case, and are three-fold [141]: (a) there is a dissociation of the
intrathoracic and intracardiac pressures with respiration because of a noncompliant pericar-
dium. The gradient between the pulmonary veins and the left-sided chambers decreases
with inspiration; there is a reduction in velocity of pulmonary venous flow with inspiration
and a decrease in left-sided filling; (b) there is increased ventricular interdependence that
results in a leftward shift in the septum during inspiration (when left-sided filling is re-
duced) and a rightward shift of the septum with expiration. Hence, during expiration
transtricuspid flow decreases, there may be diastolic flow-reversal in hepatic veins; (c)
impairment in mid-late diastolic filling results in rapid filling in early diastole with a
reduction in diastolic flow thereafter. In contrast, in cardiac tamponade the diastolic filling
is impaired throughout diastole [141].

Cardiac catheterization demonstrates a dip and plateau ventricular diastolic pressure
tracing (square root sign). The right atrial pressure tracing shows a prominent x and y
descent (M shape), which may be reflected in the jugular veins. A hallmark of constrictive
pericarditis is near equalization of the diastolic pressures in all chambers of the heart. This
feature is often not seen in restrictive cardiomyopathies in which the degree of involvement
of the two ventricles may be different. Consequently, three criteria have been proposed
to distinguish constrictive physiology from restriction [142]. Findings that favor a diagno-
sis of constrictive pericarditis include: (a) a difference between right ventricular end-
diastolic pressure and left ventricular end-diastolic pressure of 5 mm Hg or less; (b) a
right ventricular systolic pressure of 50 mm Hg or less; and (c) a ratio of right ventricular
end-diastolic pressure to right ventricular systolic pressure greater than or equal to 1:3
[142].

Echocardiographic findings that may help distinguish the two conditions include
presence of a thickened pericardium and increased respiratory variation in transmitral flow
(25% or greater decrease with inspiration) in constrictive pericarditis, and the demonstra-
tion of reduced myocardial longitudinal velocities on Doppler tissue imaging in patients
with restriction [141]. A pericardial thickness of more than 3 mm on computed tomography
or magnetic resonance imaging suggests a diagnosis of pericardial constriction.

Hypothyroidism

Hypothyroidism decreases the activity of the sarcoplasmic reticulum calcium ATPase
pump, which slows the removal of calcium from the cytosol and frequently leads to an
impaired relaxation with normal systolic function [11]. There are some conflicting data
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on the prevalence of diastolic filling abnormalities in patients with subclinical hypothyroid-
ism and the response of these abnormalities to thyroid hormone replacement [143,144].

PROGNOSIS OF DIASTOLIC HEART FAILURE

DHF increases mortality risk considerably, and DHF and systolic heart failure have been
associated with hazard ratios for mortality of 4.06 and 4.31, respectively, compared to
age- and sex-matched controls [9]. DHF has been shown [1,145], albeit not uniformly
[146], to be associated with a better long-term survival than systolic heart failure (Fig.
3). In the Framingham Heart Study, DHF was associated with an annual mortality rate of
8.7% compared with 18.9% for systolic heart failure [9], with reported annual mortality
rates for DHF ranging between 1.3% and 19% in other studies [1,145]. In the elderly, the
mortality attributable to DHF is higher than that due to systolic heart failure, because left
ventricular function is more often normal than impaired in elderly persons with heart
failure [1,147]. Among patients with DHF, age seems to be the most important prognostic
factor [10].

Figure 3 Unadjusted Kaplan-Meier survival curves for persons without congestive heart
failure (upper curve) and for those with congestive heart failure (lower three curves) based
on left ventricular systolic function (LVF). (From Ref. 147.)
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SUMMARY

In one out of two to three patients with congestive heart failure, isolated diastolic dysfunc-
tion is believed to be the cause of the symptoms. DHF is defined as overt congestive heart
failure due to the inability of the left ventricle to fill adequately at normal filling pressures,
with an upward shift of the left ventricular diastolic pressure-volume relation, and resulting
increase in left ventricular end-diastolic pressure.

A person can be said to have definite DHF when there is objective evidence of
heart failure, objective evidence of normal left ventricular systolic function, and objective
evidence of left ventricular diastolic dysfunction; probable DHF if a cardiac catheterization
is lacking but the etiology of heart failure is deemed likely to be diastolic dysfunction
(provided mitral valve disease, cor pulmonale, volume overload, and noncardiac causes
of symptoms are excluded); and presumed DHF if only the first two criteria are fulfilled.

DHF is more common in women and in the elderly, and hypertension and coronary
disease are the most common underlying causes of DHF, followed by diabetes and obesity.
DHF increases mortality risk considerably but may have a better long-term prognosis than
systolic heart failure.

The primary pathophysiological abnormality in individuals with congestive heart
failure and a normal left ventricular ejection fraction has hitherto been assumed to be
diastolic dysfunction. Recently, researchers have questioned this notion. Additional inves-
tigations are warranted to identify the primary abnormalities in these individuals and to
develop clinical diagnostic tests for the condition that are easy to perform and interpret,
and that have acceptable performance characteristics.
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The Clinical Syndrome of Heart Failure

Thomas DiSalvo
Massachusetts General Hospital and Harvard Medical School
Boston, Massachusetts, USA

INTRODUCTION

Heart failure (HF) remains the only common cardiovascular syndrome increasing in preva-
lence and incidence [1]. Despite significant advances in pharmacological and device thera-
pies, morbidity and mortality for those afflicted with HF remains high [2]. Following a
brief discussion of epidemiology and pathophysiology, this chapter focuses on the clinical
syndrome of HF with particular emphasis on clinical presentation and diagnosis.

EPIDEMIOLOGY

Definition

Given pathophysiological and clinical heterogeneity, it is not surprising that there is not
yet any firm consensus definition of the clinical syndrome of HF (Table 1) [3]. Over the
past several decades, basic and clinical research elucidating the complex and continuous
interplay of adaptive and maladaptive myocyte, myocardial extracellular matrix, hemody-
namic, biochemical, energetic, genetic, neurohormonal, renal, pulmonary, skeletal muscle,
vascular endothelial alterations and adaptations in HF has rendered consensus definition
even more challenging [4]. However, virtually all clinical instances of HF may be broadly
conceptualized as a primary failure of the heart to render sufficient pressure-volume work
over the range of physiological resting and exercise pressure-volume conditions, and
thereby maintain organ perfusion at ventricular filling pressures below the threshold for
the precipitation of systemic or pulmonary venous congestion.

Classification

Heart failure may be classified as either predominantly systolic or diastolic [3]. Almost
all instances of systolic HF also exhibit diastolic abnormalities; most instances of diastolic
HF also exhibit systolic abnormalities, usually inadequate systolic functional reserve [5,6].
The cardiomyopathies have traditionally been classified as either dilated, restrictive, or
hypertrophic [7]. Neither classification schema necessarily provides sufficient insight into
disease etiology, severity, or prognosis.

181
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Table 1 Definitions of Heart Failure

“A condition in which the heart fails to discharge its contents adequately”—Thomas Lewis, 1933
“A state in which the heart fails to maintain an adequate circulation for the needs of the body despite

a satisfactory filling pressure”—Paul Wood, 1950
“A pathophysiological state in which an abnormality of cardiac function is responsible for the failure

of the heart to pump blood at a rate commensurate with the requirements of the metabolizing
tissues”—Eugene Braunwald, 1980

“Heart failure is the state of any heart disease in which, despite adequate ventricular filling, the heart’s
output is decreased or in which the heart is unable to pump blood at a rate adequate for satisfying
the requirements of the tissues with functional parameters remaining within normal limits”—H.
Denolin, H. Kuhn, H.P. Krayenbuehl, F. Loogen, A. Reale, 1983

“A clinical syndrome caused by an abnormality of the heart and recognized by a characteristic pattern
of hemodynamic, renal, neural and hormonal responses”—Philip A. Poole-Wilson, 1985

“…syndrome … which arises when the heart if chronically unable to maintain an appropriate blood
pressure without support”—Peter Harris, 1987

“A syndrome in which cardiac dysfunction is associated with reduced exercise tolerance, a high
incidence of ventricular arrhythmias and shortened life expectancy”—Jay Cohn, 1988

“Symptoms of heart failure, objective evidence of cardiac dysfunction and response to treatment
directed towards heart failure”—Task Force of ESC, 1995

“Heart failure is a complex clinical syndrome that can result from any cardiac disorder that impairs
the ability of the ventricle to eject blood”—Consensus Recommendations for the Management of
Chronic Heart Failure, 1999 (From Ref. 10.)

“Heart failure is a complex clinical syndrome that can result from any structural of functional cardiac
disorder that impairs the ability of the ventricle to fill with or eject blood”—ACC/AHA Consensus
Guidelines, 2001 (From Ref. 2.)

Source: Adapted from Ref. 59, page 270.

It is important to distinguish HF from states of extreme or supra-physiological circu-
latory pressure or volume overload (e.g., acute severe hypertension, severe anemia, arterio-
venous fistula) or from the occasional metabolic (e.g., hypoxemia, acidosis), endocrinolo-
gic (e.g., hypo- or hyperthyroidism), and diverse medical conditions (e.g., sepsis)
associated with transient and reversible myocardial dysfunction [2,3]. In such instances,
transient signs and/or symptoms of HF may appear in the absence of true myocardial
dysfunction or disease.

Incidence and Prevalence

Heart failure is the only common cardiovascular disease with rising incidence and preva-
lence [8,9]. In the United States, HF afflicts approximately 4.8 million people [10] with
approximately 400,000 to 700,000 new symptomatic cases, and 250,000 deaths annually.
Between 1.5% and 2% of the U.S. population has symptomatic HF, with a prevalence of
6% to 10% in those more than age 65 years [11]. In the Framingham Heart Study, the
lifetime HF risk for men and women free of HF at age 40 was 21% for men and 20.3%
for women [12]. In the Framingham cohort, the incidence of HF declined for women but
not men between 1950 and 1999 [13]. There is a marked age-dependence in HF prevalence
and incidence with elderly patients being disproportionately afflicted [14]. Given the recent
and continued successes in managing coronary artery disease, the incidence and prevalence
of HF will likely only increase in the future [8].
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Figure 1 Kaplan-Meier curves for survival free of symptomatic heart failure. Referent group
consists of subjects with normal left ventricular systolic function (LVEF � 50%). Mild ALVD
indicates mild asymptomatic left ventricular systolic dysfunction (LVEF 40% to 50%). Mod/
Sev ALVD indicates moderate to severe asymptomatic left ventricular systolic dysfunction
(LVEF � 40%). (From Ref. 15.)

The largest pool of patients with HF are, in fact, minimally symptomatic [15]. Up
to 3% to 6% of the general population may have asymptomatic left ventricular systolic
dysfunction and be at high risk of developing symptomatic HF within 5 years (Fig. 1)
[10,15,16]. Up to 20% of the asymptomatic general population may have evidence of
diastolic dysfunction by screening echocardiography [16]. The recent recognition and
importance of these phenomena for public health and cardiovascular disease prevention
inform the rationale for the recent ‘‘redefinition’’ of HF by the ACC/AHA (American
College of Cardiology/American Heart Association) consensus guidelines [2]. The recent
ACC/AHA reclassification seeks to emphasize the large number of ‘‘at-risk’’ future HF
patients in the United States, and empowers physicians to deploy HF preventative strategies
analogous to the life-long prevention and management strategies deployed in the manage-
ment of patients with risk factors for coronary artery disease and its sequelae. In the current
ACC/AHA classification schema, patients in HF stage ‘‘A’’ (high risk for HF but without
structural heart disease) and HF stage ‘‘B’’ (structural heart disease without symptoms of
HF) are, in fact, without symptoms or signs of heart HF [2]. Reducing the morbidity and
mortality of HF in the future may well rest upon the success with which physicians
extend the recommended life-long preventative strategies to at-risk patients long before
the symptoms, signs, and overt echocardiographic features of HF supervene.

Economics

Heart failure poses an enormous societal financial burden with an estimated cost of between
$20 and $40 billion dollars annually in the United States [10]. Care of HF consumes
approximately 11% of total expenditure for cardiovascular disease [17,18]. The elderly
bear a disproportionate economic burden given the rising prevalence of heart HF with age
[14].
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Table 2 Risk Factors for Heart Failure

Coronary artery disease
Hypertension
Heavy alcohol use
Familial or genetic cardiomyopathy
Significant mitral of aortic valvular heart

disease
Myocarditis
Toxin exposure (chemotherapy, cocaine)
Underlying systemic disorders (e.g., thyroid

disease, hemochromatosis, sarcoidosis,
amyloidosis)

Nutritional deficiencies
Collagen vascular disease
Peripartum disease
Neuromuscular disorders
Age
Obesity

Risk Factors

Observational and epidemiologic studies have identified multiple risk factors for HF,
including systemic hypertension, coronary artery disease, diabetes mellitus, cardiotoxic
drug therapy, alcohol abuse, history of rheumatic fever, family history of cardiomyopathy,
and obesity [2,11–13). Although these risk factors are well-recognized, HF does not de-
velop in all patients so exposed. For example, some instances of noncoronary disease
related HF may well require more than a single genetic abnormality, epidemiologic or
environmental exposure, or coexistent disease condition to evolve [19]. A ‘‘multiple hit’’
hypothesis has been promoted to account for these epidemiological observations in HF
pathophysiology analogous to the ‘‘multiple hit’’ hypothesis advanced in cancer patho-
physiology [20]. According to this attractive paradigm, the population-attributable risk
bequeathed by a single HF risk factor is modified by a unique constellation of individual
genetic characteristics, other risk factors, concurrent cardiovascular and noncardiovascular
diseases or conditions, environmental exposures, body habitus, physical condition, and
medications. Known risk factors for the development of HF appear in Table 2. Of particular
interest in clinical research at present are the single or multiple gene defects that may
either precipitate HF directly [19, 21–29) or enhance the predisposition to HF given a
specific environmental exposure or exposures [30]. The ‘‘customization’’ of both ‘‘prophy-
lactic’’ and chronic pharmacological therapy based upon genotype is the long-term aim
of much current HF clinical and translational research (Chapter 7) [31–33].

PATHOPHYSIOLOGY

Normal Integrated Function of the Heart

As a pump, the normal heart is designed to apply circumferential compressive force to
the blood pool resident within the heart following diastolic filling [34]. Since blood is a
relatively incompressible fluid, the pressure within the blood pool rises steeply as compres-
sive force develops during isovolumic contraction. Eventually the pressure within the
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relatively noncompressible blood pool exceeds the pressure across the aortic valve, the
aortic valve opens, and ventricular ejection ensues. In healthy circumstances, the anatomy
and physiology of the heart are carefully construed and maintained so as to perform
compressive mechanical work at near-maximal efficiency to deliver an adequate cardiac
output over the normal range of rest and exertional pressure-volume conditions, commen-
surate with the demands of the body’s metabolizing tissues.

Heart Failure

Heart failure, systolic or diastolic, may be conceived as a pathophysiological state in which
either the delivery of cardiac output is inadequate to meet the metabolic demands of tissues
or an adequate cardiac output is delivered only under conditions of abnormally elevated
intracardiac pressures, which prematurely precipitate systemic or pulmonary venous
congestion [35]. In the latter instance, exertion is curtailed prematurely as the supranormal
intracardiac pressures exceed the maximal capacitance of either the systemic or pulmonary
venous and lymphatic circulations. An excessive volume of interstitial fluid accumulates
in response constitutively elevating systemic or pulmonary hydraulic capillary pressure
gradients and resulting in symptoms or signs and exertional limitation.

Although still debated, the primary ‘‘locus’’ of dysfunction in most instances of sys-
tolic HF appears to reside largely within the myocyte compartment of the heart. At least in
the end-stage human heart, both in vivo and in vitro studies support a marked reduction in
‘‘contractility reserve’’ in response to increasing heart rate of sympathetic stimulation [36].
Whether this reduction in myocardial ‘‘contractility reserve’’ results from intrinsic abnor-
malities of myocyte contractile function or myocyte response to alterations in the myocardial
and extracellular matrix neurohormonally modulated ‘‘milieu,’’ is still uncertain.

Normal integrated function of the heart depends upon a host of factors that include
normal ultrastructural and gross architecture of the heart, an adequate number of myocytes,
normal myocyte contractile and relaxant function, normal structure and function of cardiac
valves, normal structure, composition, and metabolism of the myocardial extracellular
matrix, adequate myocardial perfusion, and normal myocardial metabolism. Not surpris-
ingly, abnormalities in any of these major anatomic and functional components may result
in HF. Among the more common causes of HF are loss of myocytes (ischemic, inflamma-
tory or toxic necrosis, apoptosis), acute or chronic contractile dysfunction of myocytes
(inflammation, alcohol, chemotherapeutic agents, sepsis, hypoxia), excessive myofiber
architectural disorganization or disarray (hypertrophic cardiomyopathy, infiltrative cardio-
myopathy), extracellular matrix structural or functional abnormalities (excessive fibrosis
leading to abnormal force transduction, myocyte linkage, and inadequate ‘‘compressive
force’’ efficiency), distortion of the three-dimensional shape of the heart itself (aneurysm,
infarction, chronic valvular disease), and intractable pressure or volume overload (hyper-
tension, valvular heart disease) (Table 3).

Under the current ‘‘neurohormonal’’ hypothesis, the initial myocardial injury or
overload results in a perceived diminution in the rate, pattern or distribution of perfusion
to the vital regulatory organs and centers of the circulation [37]. Such alterations in perfu-
sion invoke a complex cascade of initially ‘‘homeostatic’’ responses (positive inotropy
and chronotropy, vasoconstriction, sodium retention) mediated largely by multiple interact-
ing and amplifying neurohormonal axes (such as the renin-angiotensin-aldosterone systems
and the sympathetic nervous system) that provide initial restoration of perfusion. Over
time, however, the constitutive activation of these diverse neurohormonal systems, particu-
larly the ongoing elaboration of high circulating, and tissue levels, of key effector mole-
cules (e.g., angiotensin II, norepinephrine, epinephrine, aldosterone, and the endothelin
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Table 3 Causes of Systolic
Heart Failure

Coronary artery disease
Hypertension
Alcohol
Valvular heart disease
Familial/genetic cardiomyopathy
Myocarditis
Toxins (chemotherapy, cocaine)
Collagen vascular disease
Metabolic disorders
Endocrine disorders
Electrolyte disorders
Acidosis
Sepsis
Hypoxia
Severe sleep apnea
Peripartum

family of peptides) proves progressively pathological and promotes both: (a) deleterious
alterations in circulatory dynamics, which impose greater myocardial load (e.g., volume
expansion due to excessive salt and water retention, vasoconstriction); and (b) deleterious
changes in myocardial structure and function, which effect adverse ventricular remodeling
(e.g., accelerated myocyte loss via apoptosis, increasing myocardial fibrosis). Many in-
stances of adverse myocardial remodeling are accompanied, likely, by an ever-dwindling
myocyte mass due to ongoing necrosis, apoptosis, or aging. Although there appears to be
a small population of cardiac stem-like cells within myocardial tissue capable of terminal
differentiation into functional myocytes, the majority of preexisting terminally differen-
tiated myocytes cannot undergo hyperplasia at a rate sufficient to repopulate a dwindling
myocyte mass [38].

Central to the progression of HF, once initiated and the target of current pharmacologi-
cal management of heart failure, is the process of adverse ventricular remodeling (Chapter
6) [4]. Once exposed to significant injury or unrelieved pressure and volume overload, the
heart responds by remodeling itself with, at times, a remarkable degree of plasticity with
respect to structure and function [39]. Remodeling is largely mediated by exogenous and
endogenous neurohormonal axes activated in response to altered systemic perfusion or
chronic myocardial pressure and volume overload itself. The process of remodeling alters
ventricular dimensions and shape as well as myocyte and extracellular matrix composition,
integration, and function. In addition to the neurohormonal axes previously described, di-
verse autocrine, paracrine, and endocrine signaling systems are simultaneously activated and
play important roles in modulating the pace and outcome of remodeling [40].

Underappreciated is the heterogeneity of the mechanisms, not only initiating HF but
also influencing the course of remodeling once HF supervenes. For example, genetic
defects underlie up to one-third of cases of idiopathic dilated cardiomyopathy and likely
all instances of hypertrophic cardiomyopathy [19]. Undoubtedly, other genetic factors
impact the myocardial response to injury or overload and determine, in part, the course
of remodeling. These diverse and intersecting pathophysiological mechanisms are often
paradoxically ‘‘hidden’’ in individuals by the stereotypical clinical symptoms and signs,
and histopathological features of established chronic systolic HF.
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Systolic Heart Failure

In addition to the structural and functional considerations previously presented, normal
systolic function also depends on a precise sequence of electrical activation of the myocar-
dium (apex to base), a torsional translational motion of the ventricle (a ‘‘wringing’’ out),
a precise anatomic array of myofibers that mechanically maximizes force generation (myo-
fibers wrapped in orthogonal layers), an appropriate degree of hypertrophy of myocytes
given load, and a suitably deformable and elastic extracellular matrix that maintains myo-
cardial orientation and recoil. Systolic dysfunction, signifying inadequate ‘‘compressive
force generation’’ requisite over the normal range of circulatory pressure and volume
conditions, may, thus, also result or be exacerbated by diverse alterations in myocardial
activation, contractile sequence, macro- or microanatomy, and abnormalities of the extra-
cellular matrix.

Despite evidence for abnormal ‘‘contractile reserve’’ in end-stage human HF, in
may instances it is not yet possible in clinical practice to adequately characterize the
precise anatomic (submyocyte, myocyte, myofiber, matrix), physiological, molecular, or
metabolic ‘‘loci’’ of clinically encountered ‘‘failing’’ myocardial tissue [37,41]. Some
important myocardial characteristics are not easily quantifiable in the intact heart, such
as the number of viable myocytes, myocyte and myofiber array, the degree of individual
myocyte hypertrophy, the integrity, composition, and metabolic activity of the extracellular
matrix. Undoubtedly, incomplete ‘‘phenotyping’’ of failing myocardial tissue has ham-
pered not only a more intimate understanding of HF pathophysiology and ventricular
remodeling, but also the customization of pharmacological and device therapies to individ-
ual patients [42–45]. Several of the most important abnormalities accounting for systolic
dysfunction appear in Table 4.

Diastolic Heart Failure

The clinical syndrome of normal or near-normal left ventricular dimension and resting
ejection fraction, coupled with the symptoms of dyspnea, exertional limitation, and epi-

Table 4 Abnormalities Resulting in Systolic Dysfunction

Myocyte compartment
Myocyte loss (necrosis, apoptosis, aging)
Abnormal force transduction (e.g., dystrophin mutations)
Abnormal force generation (calcium release, substrate deficiency)
Abnormal relaxation (abnormal calcium reuptake)
Excessive myocyte hypertrophy

Myocardial load
Volume overload (mitral or aortic regurgitation, renal or hepatic failure)
Pressure overload (hypertension, increased arterial stiffness)

Heart rate and conduction
Excessive tachycardia (weeks)
Discoordinate contraction (right ventricular pacing)

Extracellular matrix compartment
Fibrosis
Altered metabolism (cardiofibroblast function, protein synthesis and

degradation, paracrine/autocrine signaling)
Cardiac structure

Abnormal myocardial fiber “wrapping” or alignment
Focal infarction or aneurysm
Advanced remodeling (increased sphericity)
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Table 5 Criteria for Diagnosis of Diastolic Heart Failure

European Study Group:
1. Evidence of CHF
2. Normal or mildly abnormal LV systolic function
3. Evidence of abnormal LV relaxation, filling, distensibility or stiffness

Framingham Heart Study:
1. Definitive diagnosis of CHF (signs and symptoms; CXR; response to diuretics)
2. LVEF greater than or equal to 50% within 72 hours of episode
3. Objective evidence of LV diastolic dysfunction (abnormal LV relaxation/filling/

distensibility indices by catheterization)

Source: From Ref. 46a and Ref. 52.

sodic pulmonary congestion, accounts for up to 40% to 50% of HF diagnosed and treated
in the community (Chapter 9) [2,3]. A cause of considerable morbidity, including a high
rate of recurrent hospitalization, mortality from diastolic HF is lower than in systolic HF
but is increased four-fold compared with age-adjusted baseline mortality [46].

Controversy abounds regarding the existence, definition, diagnosis, and therapy of
isolated ‘‘diastolic’’ HF (Table 5) [5,47–52]. The incidence and prevalence of diastolic
HF are steeply age-dependent due to the confluence of several age-dependent processes
including progressive loss of myocytes (by age 80 years, one-third of myocytes have been
lost), myocardial fibrosis, arterial stiffening (attrition of elastic fibers, atherosclerosis,
calcification and fibrosis, and loss of normal endothelial-dependent vasodilation), and the
long-term sequelae of hypertension and atherosclerotic coronary artery and peripheral
vascular disease [53]. In the less common instances of diastolic HF in younger patients,
myocardial tissue typically exhibits abnormally relaxant, noncompliant, nondistensible, or
excessively stiffened characteristics under the normal range of circulatory pressure-volume
loads (Table 6) [5]. Cardiac output is maintained in such instances at rest with obligate
elevation of ventricular filling pressures. Albeit normal at rest, the cardiac output either
fails to rise appropriately with increased demand or does so with an abrupt rise in filling
pressures, and the resultant precipitation of systemic or pulmonary venous and lymphatic
congestion that causes limitation of exertion or symptoms.

There is increasing evidence that abnormalities of systolic function accompany most
if not all instances of apparently ‘‘isolated’’ diastolic HF [6,54,55]. In elderly patients, such

Table 6 Abnormalities Resulting in Diastolic Heart Failure

Extreme myocardial overload
Severe hypertension, aortic stenosis, mitral or aortic regurgitation)

Impaired myocardial relaxation
Ischemia, hypertrophy, hypothyroidism, aging, cardiomyopathy

Impaired ventricular filling
Mitral stenosis, endocardial fibroelastosis

Reduced ventricular distensibility
Constrictive pericarditis, pericardial tamponade, extrinsic compression

Increased ventricular stiffness
Age, ischemia, myocardial fibrosis or scarring, infiltrative cardiomyopathy,

myocardial edema, microvascular congestion

Source: Adapted from Ref. 6.
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systolic dysfunction not uncommonly results from the increased impedance to ventricular
ejection into an increasingly stiffened arterial vascular circuit. Although a lesser degree
of neurohormonal activation accompanies diastolic HF than systolic HF, exercise capacity
in elderly patients with diastolic HF is comparably diminished as in patients with systolic
HF [56]. It is not possible on the basis of symptoms and signs alone to distinguish systolic
from diastolic HF. Most patients with a history of HF and preserved ejection fraction at
rest, evidence abnormal indexes of diastolic function by echocardiography, although such
measures serve to confirm rather than establish the diagnosis of diastolic HF [57].

There have been few trials to date of lifestyle, pharmacological or device therapies
in this common clinical syndrome. Pharmacological therapy is largely focused toward
control of load, heart rate and rhythm, and symptomatic relief of episodic pulmonary
congestion [50]. To date, no therapies have been shown to reduce mortality in this common
condition, although data from the recently completed CHARM study, suggest that therapy
with angiotensin receptor blockers can reduce hospitalizations (therapy for diastolic heart
failure is more extensively discussed in Chapter 17). Although a time-honored therapeutic
rubric is to maintain patients ‘‘…dry, slow, normotensive and in sinus rhythm…,’’ the
clinical efficacy of this intuitively attractive rubric remains unproven. No currently avail-
able pharmacological agent consistently or significantly improves intrinsic diastolic func-
tion or reliably reduces arterial stiffening. In addition to control of myocardial load and
rhythm, many HF experts recommend application of the same stepwise pharmacological
therapies designed for systolic HF to patients with diastolic HF. Since over time progressive
adverse ventricular remodeling also occurs in patients with predominant diastolic dysfunc-
tion, beta-blockers, angiotensin II inhibitors, and aldosterone inhibitors likely play an
important role in attenuating disease progression [58].

DIAGNOSIS OF HEART FAILURE

Symptoms and Signs

The clinical syndrome of HF, whether systolic of diastolic, must be differentiated from
other conditions resulting in dyspnea, fatigue, and exertional intolerance, including but
not limited to pulmonary disease, chronic renal or hepatic failure, and anemia [2,7]. Clinical
HF rarely fulfills its classic ‘‘textbook’’ clinical profile in toto, i.e., symptoms of exertional
dyspnea, orthopnea, and paroxysmal nocturnal dyspnea, and signs of elevated jugular
venous pressure, pulmonary rales, a third heart sound, and peripheral edema [59]. No
single symptom or sign is pathognomic for HF [60,61], and as previously stated, clinical
parameters alone, including symptoms and signs, do not reliably distinguish patients with
systolic HF from patients with diastolic HF [56,61–63].

In most observational studies, the symptoms most sensitive for HF include exertional
dyspnea, orthopnea, and paroxysmal nocturnal dyspnea [64–68]. The most specific symp-
toms include orthopnea and paroxysmal dyspnea. The sensitivity and specificity of com-
mon symptoms and signs is tabulated in Table 7. As is apparent, the sensitivity of common
symptoms for HF ranges from 23% to 66%, and the specificity from 52% to 81%.

The signs of HF are also inherently nonspecific [69]. Rales are absent in up to 80%
of patients with chronic HF due to lymphatic hypertrophy [70]. Edema occurs in only
25% of patients under the age of 70 years with chronic HF [69]. Evidence of right-sided
HF is lacking in up to 50% of patients at the time of diagnosis with idiopathic dilated
cardiomyopathy [7]. In selected patients with severe HF, hepatojugular reflux [71,72] and
the Valsalva maneuver [73,74] may provide ancillary evidence of elevated filling pressures
[69]. In a retrospective multivariate analysis of the 2569 participants of the SOLVD treat-
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Table 7 Sensitivity, Specificity and Predictive Value of Symptoms and Physical Signs in
Diagnosing Chronic Heart Failure

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

Exertional dyspnea 66 52 23
Orthopnea 21 81 2
Paroxysmal nocturnal dyspnea 33 76 26
History of edema 23 80 22
Resting heart rate � 100 bpm 7 99 6
Rales 13 91 21
Third heart sound 31 95 61
Jugular venous distention 10 97 2
Edema (on examination) 10 93 3

Source: Adapted from Ref. 68a.

ment trial, the presence of an elevated jugular venous pressure and third heart sound
were both independently associated with increase risk of hospitalization for HF, death, or
hospitalization for HF and death from pump failure (Fig. 2) [75]. In an observational
study of 1000 patients undergoing transplant evaluation, right atrial pressure at cardiac
catheterization correlated reasonably well with pulmonary capillary wedge pressure (r �
0.64) [76]. However, there is only fair interobserver agreement on clinician ascertainment
of the jugular venous pressure (kappa statistic 0.3–0.65) [77] and the presence of a third
heart sound [78]. A proportional pulse pressure less than 25% has a 91% sensitivity and
83% specificity for cardiac index less than 2.2 L/min/m2 in patients with HF [69].

Given the lack of sensitivity and specificity of symptoms and signs, there exists no
substitute for the performance of two-dimensional echocardiography to ascertain cardiac
structure and function in all instances of suspected HF [2]. Ascertainment of the presence
or absence of depression of left ventricular ejection fraction, left ventricular dimensions
and wall thickness, valvular regurgitation, right ventricular dimension and function, and
estimated pulmonary artery pressure are all crucial not only to accurate diagnosis but also
the selection of appropriate therapy.

As emphasized earlier in this text, a large population of individuals with asymptom-
atic left ventricular dysfunction and high lifetime risk of evolving symptomatic HF exists
[2]. Since echocardiographic screening for asymptomatic ventricular dysfunction is not
routinely performed, HF is typically diagnosed only once symptoms or signs supervene [3].
The signs and symptoms of HF represent a quite advanced stage of ventricular dysfunction,
appearing usually only after all compensatory hemodynamic, neurohormonal, and periph-
eral circulatory ‘‘counter-regulatory’’ homeostatic mechanisms have been overwhelmed.
Earlier diagnosis of suspected asymptomatic or minimally symptomatic left ventricular
dysfunction by echocardiography affords the opportunity to provide therapies that can
retard ventricular remodeling and forestall morbidity and likely mortality.

Classification and Interpretation of the Clinical Presentation

The clinical diagnosis of HF remains largely empiric, based on the presence of symptoms,
signs, radiographic evidence of pulmonary congestion or cardiomegaly, and echocardio-
graphic evidence of ventricular dilatation and/or dysfunction. Clinical HF scoring systems
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Figure 2 Kaplan-Meier analysis of event-free survival according to the presence or ab-
sence of elevated jugular venous pressure (top panel) and a third heart sound (bottom
panel). The end-point was a composite of death or hospitalization for heart failure. (From
Ref. 75.)

have been developed for use in population-based epidemiologic studies but are rarely used
in clinical practice [79].

Patients with HF present with a constellation of symptoms and signs referable to
either a low output state during rest or exercise, systemic or pulmonary venous congestion,
or some combination of both [2]. As discussed, symptoms and signs bear an inconstant
relationship to resting filling pressures, cardiac index, and ventricular function in individual
patients. A clinically useful classification scheme of instances of decompensated HF has
been recently proposed (Fig. 3) [70]. In this scheme, patients occupy one of four ‘‘quad-
rants’’ depending on the presence or absence of symptoms and signs of inadequate cardiac
output and systemic venous congestion. This ‘‘two-minute’’ hemodynamic assessment is
helpful in the initial triage of patients and institution of initial therapy.

Accurate functional classification remains problematic for individual patients [2].
The NYHA (New York Heart Association) classification scheme is limited by poor repro-
ducibility, and relies exclusively on the presence and severity of symptoms rather than
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Figure 3 Diagram indicating clinically assessed hemodynamic profiles for patients present-
ing with heart failure. Most patients can be accurately classified in a 2-minute assessment
according to their presenting signs and symptoms. (From Ref. 70.)

any marker of ventricular remodeling [80]. Since the symptoms and signs of HF are
inherently mutable and affected by the adequacy of pharmacological therapies, any classifi-
cation scheme based only on symptoms and signs must suffer from imprecision. Assess-
ment of exercise tolerance (and cardiac reserve) during symptom-limited cardiopulmonary
exercise testing, predicts prognosis more accurately than does classification based on
symptoms and signs and demarcates disease severity more precisely [81].

Diagnostic Laboratory Modalities

Every patient with suspected or known HF requires an assessment of resting ventricular
function and cardiac dimensions by two-dimensional echocardiography [2]. Components
of the diagnostic evaluation of newly diagnosed HF in the current ACC/AHA (American
College of Cardiology/American Heart Association) guidelines appear in )Table 8. In all
patients, the guidelines emphasize: (a) a careful history and physical examination; (b)
screening laboratories, including tests of renal and hepatic function, complete blood count,
urinalysis, electrocardiogram and chest x-ray; (c) a two-dimensional and Doppler echocar-
diogram; (d) careful exclusion of coronary artery disease and thyroid disease in all patients;
and (e) selective use of other diagnostic modalities, including serologic studies in some
patients based upon carefully elicited clinical characteristics, past medical and family
history, and risk-factors.

Recently, plasma levels of B-type natriuretic peptides (BNP) [82–84] have been
used in the diagnosis of HF [85,86]. Use of the BNP assay has been incorporated into the
European Society of Cardiology’s guidelines for HF diagnosis [87] and will likely be
incorporated in future ACC/AHA/Heart Failure Society of America guidelines. BNP levels
have been shown to distinguish between cardiac and noncardiac causes of dyspnea in
patients presenting to emergency rooms, and appear to enhance the information provided
by clinical assessment alone [88–91]. Declines in BNP in response to beta-blockers are
associated with improvements in symptoms and outcome [92,93]. One study showed that
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Table 8 Recommendations for the Evaluation of Patients with Heart Failure

Class I
Thorough history and physical examination
Initial and ongoing assessment of ability to perform routine and desired activities of daily living
Initial and ongoing assessment of volume status
Initial measurement of complete blood count, urinalysis, serum electrolytes, blood urea nitrogen,

serum creatinine, blood glucose, liver function tests, thyroid-stimulating hormone
Serial monitoring of serum electrolytes and renal function
Initial 12-lead EKG and chest radiograph
Initial 2-dimensional echocardiography with Doppler or radionuclide ventriculography to assess left

ventricular systolic function
Cardiac catheterization with coronary angiography in patients with angina who are candidates for

revascularization
Class IIa
Cardiac catheterization with coronary angiography in patients who are candidates for revasculariza-

tion with:
• chest pain who have not had evaluation of their coronary anatomy
• known of suspected CAD but without angina

Noninvasive assessment of ischemia and viability in patients with known CAD without angina
Maximal exercise testing with measurement of respiratory gas exchange to determine:

• cause of exercise limitation
• candidacy for cardiac transplantation

Echocardiography in asymptomatic first-degree relatives of patients with IDCM
Repeat measures of ejection fraction in patients with change in clinical status
Screening for hemochromatosis
Measurement of ANA, RF, urinary VMA and metanephrines in selected patients
Class IIb
Noninvasive imaging to define likelihood of CAD
Maximal exercise testing to prescribe exercise program
Endomyocardial biopsy in patients with known or suspected inflammatory of infiltrative disorder
HIV testing
Class III
Endomyocardial biopsy in routine evaluation
Routine Holter-monitoring or signal-averaged electrocardiography
Repeat coronary angiography or noninvasive testing in patients in whom CAD has been excluded

previously as the cause of left ventricular dysfunction
Routine measurement of norepinephrine

CAD: coronary artery disease; IDCM: idiopathic dilated cardiomyopathy; ANA: antinuclear antibody; RF:
rheumatoid factor; VMA: vanellylmandelic acid; HIV: human immunodeficiency virus.

titration of chronic pharmacological therapy to BNP levels was superior to titration to
global clinical assessment [94]. BNP appears to be more limited as a screening tool for
HF in populations [95] because BNP is elevated in diverse cardiovascular conditions (left
ventricular hypertrophy, hypertension, acute coronary syndromes [96], and valvular heart
disease) and its levels are age- and gender-dependent [97]. BNP also provides prognostic
value in chronic symptomatic HF populations [98–101].

Cardiac catheterization remains an important diagnostic tool to exclude significant
coronary artery disease and define rest and exercise hemodynamics. Although patients
with symptomatic HF may have normal resting hemodynamics, exercise hemodynamics
are almost always abnormal, due to either an inadequate rise in cardiac output or an
inappropriate rise in filling pressures. Right heart catheterization remains an important,
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and likely underutilized, diagnostic tool. Given the imprecision in predicting hemody-
namics based upon clinical assessment alone, right heart catheterization can be invaluable
in fragile patients in instances of uncertain hemodynamics, volume status, or clinical
deterioration despite appropriate empiric titration of therapy. The ongoing ESCAPE trial
sponsored by the NIH will provide a key insight into the evolving and appropriate role
of right heart catheterization as a guide for therapy in chronic, severe HF.

COMMON CLINICAL FEATURES AND COMPLICATIONS

Certain clinical features and complications are common to the course of HF independent
of disease etiology.

Arrhythmias

Atrial Fibrillation

Atrial fibrillation (AF) is an increasing public health problem in the United States [102].
AF occurs in approximately 15% to 30% of patients with symptomatic HF [103–105] and
in up to 50% of patients with class NYMA IV HF [106]. Mechanisms leading to AF include
atrial electrical remodeling, atrial fibrosis, sinus node dysfunction, increased sympathetic
activation, and elevated atrial filling pressures [107,108]. The presence of AF is associated
with an increased all-cause mortality [103,106,109], including sudden cardiac death [110].
AF with rapid ventricular response (HR � 110 bpm) may also be associated with rate-
related but reversible deterioration in ventricular function [111]. While is has not yet been
proven that maintenance of normal sinus rhythm improves mortality, [112,113], most
practitioners are more aggressive in attempting to restore and maintain normal sinus rhythm
in HF patients with AF than in other patient populations. Although atrial pacing may
reduce the number of episodes of AF [114], RV (right ventricular) apical pacing in the
DDDR mode more than 40% of the time may increase the frequency of HF decompens-
ations and AF by inducing greater mechanical dyssynchrony [115]. Cardiac resynchroniza-
tion may be beneficial in AF, although studies to date remain few [116]. Atrial defibrillators
will be incorporated increasingly into implantable ventricular defibrillator devices in the
future [117].

Ventricular Tachycardia

Nonsustained ventricular tachycardia is ubiquitous in symptomatic HF patients occurring
in approximately 80% of patients during 24 to 48 hours of continuous ambulatory EKG
monitoring [118,119]. The risk of sudden cardiac death is closely related to both the
severity of depression of ventricular function and the degree of ventricular enlargement
rather than the demonstration of nonsustained ventricular tachycardia. Patients with is-
chemic cardiomyopathy and left ventricular ejection fractions less than 30% are at particu-
larly high risk of sudden cardiac death, and their mortality can be reduced by empiric
implantation of an ICD (implantable cardioverter defibrillator) (Chapter 19).

Functional Limitation and Exercise Capacity

Mechanisms

Exercise limitation in chronic HF is multifactorial [81,120,121]. Hemodynamic (cardiac
output, left ventricular systolic and diastolic function, left ventricular filling pressures, and
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right ventricular systolic function), neurovegetative (degree of sympathetic stimulation,
baroreceptor sensitivity), skeletal muscle (muscle mass, perfusion, histochemistry, capil-
lary density, fiber composition, mitochondrial density and oxidative metabolism, and
mechanoreceptor function), and pulmonary (respiratory drive and pattern, lung compli-
ance, bronchial reactivity, alveolar-capillary diffusion and ventilatory response to exercise)
factors all have varying effects on exercise capacity in individual patients with HF [81].

Cardiac. During exercise in normal subjects, cardiac output increases four- to six-
fold due to a two- to four-fold increase in heart rate from basal levels and 20% to 50%
augmentation of stroke volume [120]. Both enhanced contractility and peripheral vasodila-
tion effect greater ventricular emptying. Compared with normal subjects, patients with
HF exhibit abnormally low maximal cardiac output due to both more modest increments
in stroke volume and heart rate during exercise. The predominant mechanism to augment
cardiac output in patients with HF is an increase in heart rate.

Resting indices of ventricular function, such as ejection fraction, correlate poorly
with maximal exercise capacity in patients with HF [122]. The most important single
factor in limiting exercise capacity in chronic HF is the inability of the left ventricle
to augment work appropriately and deliver an adequate volume of oxygenated blood to
metabolizing tissues in response to the increasing demand [120]. Not surprisingly, left
ventricular stroke work index was the single most potent predictor of prognosis in a study
combining measurement of rest and exercise respiratory gas exchange, hemodynamics,
and echocardiographic features during symptom-limited exercise testing in patients with
advanced HF [123]. In patients with similar ranges of peak oxygen uptake, dobutamine-
stimulated left ventricular functional reserve has been shown to be a further discriminator
of prognosis [124]. In addition to left ventricular functional reserve, exercise-induced
increases in mitral regurgitation limit stroke volume adaptation during exercise and limit
exercise capacity as well [125].

Diastolic dysfunction is also exacerbated during exercise and contributes to exercise
intolerance in patients with either systolic and diastolic HF [126]. A reduction in cardiac
cycle-dependent changes in the thoracic aortic area and distensibility are associated with
exercise intolerance in elderly patients with apparently isolated diastolic HF [127].

Peripheral Blood Flow. Peripheral vasodilatory capacity is impaired in HF pa-
tients [128], particularly failure of exercise-induced vasodilation [129]. Upregulation of
multiple neurohormonal axes, including the sympathetic nervous, renin-angiotensin, and
endothelin systems, likely account for this blunted vasodilatory reserve [120]. There is
evidence that at least a component of blunted reactivity results from ‘‘vascular decondition-
ing’’ that is partially reversible with training [130]. Endothelial dysfunction, particularly
attenuated nitric oxide mediated endothelial-dependent vasodilation, contributes substan-
tially to the altered distribution of cardiac output in HF patients [131,132]. Exercise training
improves endothelial function and may help to restore a more normal pattern of cardiac
output distribution [133].

Skeletal Muscle. Skeletal muscle gross and ultrastructural morphology [134], fiber
type [135], innervation, perfusion, and metabolism are abnormal in HF [136,137]. Skeletal
muscle mass predicts exercise capacity in noncachectic HF patients [138]. Skeletal muscle
adaptations may differ in men and women, with men exhibiting abnormalities not due to
deconditioning alone [139]. Apoptosis has been reported in the skeletal muscle of patients
with HF, the magnitude of which is associated with the severity of exercise limitation and
the degree of muscle atrophy [140]. Metabolic abnormalities also occur in the skeletal
muscle unrelated to blood flow [141] and are partly due to decreased levels of mitochon-
drial oxidative enzymes [142]. The abnormality in skeletal muscle oxidative capacity in
HF may also derive from nonmitochondrial abnormalities [143]. Although studies are
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conflicting, reductions in capillary density are likely not an important mechanism resulting
in skeletal muscle dysfunction [120]. Patients with HF exhibit, however, a disproportionate
reduction in the distribution of cardiac output to exercising muscle relative to normal
subjects [144]. Skeletal muscle training programs may partially offset this disproportionate
reduction.

Ergoreflexes. Specific signals arising from exercising muscle may be abnormally
enhanced in HF patients and contribute to the resultant abnormal integrated hemodynamic,
autonomic, and ventilatory responses to exercise [120]. Ergoreceptors in skeletal muscles
are stimulated by metabolic acidosis leading to peripheral vasoconstriction and heart rate
acceleration of [145]. Centrally, these ergoreceptors mediate hyperventilation, increase
sympathetic outflow, and lead to greater increases in vasoconstriction. Exercise training
decreases this hyper-responsiveness [146].

Lungs. Ventilatory efficiency (the rate of increase of minute ventilation per unit
of increase carbon dioxide production: VE/VCO2 slope) is impaired and correlates with
exercise limitation and survival [147]. Assessment of ventilatory response to exercise
improves risk stratification in patients with chronic HF compared to peak oxygen uptake
alone [148], including in patients with preserved exercise capacity [149].

Effects of Gene Polymorphisms on Exercise Capacity. Gene polymorphisms
may influence functional capacity in HF patients. Relative to patients with ‘‘wild-type’’
genotypes, exercise capacity is reduced in HF patients with the Gly389 polymorphism of
the �1 allele [150], the Ile64 polymorphism of the �2 receptor allele [151], and those
homozygous for the angiotensin-converting enzyme deletion (DD) genotype [152].

Clinical Assessment of Functional and Exercise Capacity

New York Heart Association

The NYHA functional classification [153] is subject to considerable interobserver variation
and is not sensitive to changes in exercise capacity [2]. Correlations between NYHA class,
6-WT (walk test) and peak oxygen uptake have been modest at best in HF populations,
and within a given functional class large variations in mortality occur [154]. Despite these
limitations, NYHA classification remains a predictor of prognosis in broad HF populations.
Specific activity scales have been developed that equate metabolic equivalents to activities
of daily living [155]. Other functional status instruments have been developed, but none
have been as widely adopted for routine clinical practice as the NYHA classification
[10,156–158]. The Minnesota Living with Heart Failure Questionnaire (MLHF) was devel-
oped to assess the patient’s self-reported perceptions of the effects of heart failure and its
treatment on daily life [159]. This 21-question instrument incorporates both a physical
domain (dyspnea, fatigue) and an emotional domain. At present, the MLHF is the mostly
widely adopted instrument used in most interventional HF studies of pharmacological
agents and devices.

6-Walk Test

The 6-Walk Test (6-WT) was developed for use in elderly, frail HF patients [160]. In 898
patients from the SOLVD study, NYHA class and quartiles of 6-WT results were only
moderately correlated but the 6-WT results were strongly and independently associated
with morbidity and mortality in multivariate modeling [161]. In the RESOLVD pilot study,
test-retest reliability of the 6-WT was very good (intraclass correlation coefficient 0.90),
but 6-WT results were only weakly inversely correlated to quality of life scores (r �
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�0.26) and NYHA class (r � �0.43) [162]. In a study of 315 patients with moderate
to severe HF, the 6-WT did not correlate with resting hemodynamics, was only moderately
correlated to exercise capacity, and was not selected as an independent predictor of prog-
nosis in multivariate models, including NYHA class and peak oxygen uptake [163]. In a
study of severe HF, the 6-WT distance was not a reliable surrogate of peak oxygen uptake
or predictor of prognosis [164]. In a separate study of 113 patients with severe HF (mean
LVEF [left ventricular ejection fraction] 21%), 6-WT was weakly correlated to right atrial
pressure (r � �0.28) and LVEF (r � �033) but not to pulmonary capillary wedge
pressure or resting cardiac output, and was not an independent predictor of 1 year survival
in multivariate models [165]. Even in elderly frail patients, the 6-WT appears to be reason-
ably reproducible with an intraclass correlation coefficient of 0.91 reported [166]. Peak
oxygen uptake measured during the 6-WT averages 15% lower than peak oxygen uptake
measured during formal symptom-limited cardiopulmonary exercise testing in HF patients
[167].

Cardiopulmonary ExerciseTesting

Presently, symptom-limited cardiopulmonary exercise testing with simultaneous respira-
tory gas exchange assessment of peak oxygen uptake remains the most widely used method
of determining the maximal exercise capacity and prognosis of patients with advanced
HF [81,168,169]. Peak oxygen uptake determination remains critically important in formu-
lating the appropriateness and timing of cardiac transplantation [170]. Accurate determina-
tion of peak oxygen uptake requires that patients exceed the anaerobic threshold during
exercise. Peak oxygen uptake is 10% to 20% higher by treadmill compared to bicycle
exercise protocols. Peak oxygen uptake correlates poorly with resting hemodynamics
[123]. Inclusion of additional variables to peak oxygen uptake in multivariate models
improves prediction of prognosis in advanced HF [171]. Recently, B-type natriuretic pep-
tide levels were reported to predict exercise capacity in chronic HF [172].

Response to Pharmacological Agents

Multiple therapies improve exercise capacity but are not necessarily associated with im-
proved survival (e.g., enoximone) [173]. Recently, sildenafil has been reported to reduce
the Ve-VCO2 slope during the exercise and modestly improve peak oxygen uptake in
chronic HF patients [174]. Controlled studies of coenzyme Q10 have not shown improve-
ments in exercise capacity [175].

Exercise Training

Published studies suggest that peak oxygen uptake improves 12% to 31% during exercise
training in HF patients [120]. There are parallel improvements in 6-WT performance and
the ventilatory threshold [176]. Long-term moderate exercise training in patients with HF
results in improved quality of life and exercise capacity, and modest attenuation of left
ventricular remodeling, including reductions in ventricular volumes [120,177,178]. Im-
provement in left ventricular ejection fraction is less consistently observed [120,177,178].
Exercise training also improves endothelial function and partially attenuates sympathetic
neural overactivity [179]. Limited data suggest that exercise training is effective in older
adults with HF [180]. Training programs in carefully selected patients are safe and result
in worthwhile improvements in exercise capacity [181]. The duration, supervision, venue
of training, volume of working muscle, intensity and mode of training, and concurrent
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medical therapies all effect the results of exercise training and benefits may not persist
without ongoing maintenance [182]. The effects of exercise training on survival are pres-
ently unknown and await longer-term trials [120].

Mitral Regurgitation

Mitral regurgitation (MR) frequently accompanies progressive ventricular dilatation with-
out intrinsic pathology of the mitral valve apparatus [183,184]. Such ‘‘functional’’ mitral
regurgitation is most commonly due to lateral migration of the papillary muscles and
inappropriate ‘‘tethering’’ of the mitral valve leaflets during systole (Chapter 6) [185,186].
Mitral annular dilation, papillary muscle, or subadjacent myocardial hypokinesis may also
contribute [187,188]. The regurgitant volume returned to the left ventricle increases preload
and adversely affects ventricular remodeling [3]. Not surprisingly, moderate to severe
mitral regurgitation is associated with increased morbidity and mortality in chronic HF
[189,190]. Careful quantitation of the severity of regurgitation by resting Doppler echocar-
diography and myocardial ‘‘contractile reserve’’ are both critical in the assessment of the
timing and appropriateness of isolated mitral valve repair or replacement in patients with
chronic HF and severe mitral regurgitation [191,192]. Increased mitral regurgitant volume
during exercise echocardiography correlates well with reduced exercise tolerance
[193,194] and higher risk of adverse events [195]. Tailored hemodynamic therapy with
optimization of filling pressures and volumes, cardiac resynchronization therapy, and posi-
tive inotropic pharmacological agents all reduce the degree of functional mitral regurgita-
tion [196–198]. Encouraging intermediate-term results have been reported from select
centers performing mitral valve repair in patients with advanced symptomatic HF and
severe mitral regurgitation (Chapter 22) [199–201]. Although moderate MR frequently
accompanies ischemic cardiomyopathy and marks a worse prognosis [202], most observa-
tional studies to date have been unable to demonstrate improved outcomes when mitral
valve repair or replacement is routinely performed in addition to coronary artery bypass
grafting [203].

Sleep Apnea

Central sleep apnea (CSA) afflicts approximately 33% to 40% of patients with symptomatic
HF [204–208]. In HF patients with CSA, the chronic hyperventilation resulting from
pulmonary congestion is exacerbated by increased venous return in the supine position
[204]. Apnea is then induced by a greater degree of hyperventilation and further reduction
in PaCO2 until terminated by a rise in PaCO2 above the ventilation stimulatory threshold.
An enhanced sensitivity to carbon dioxide appears to predispose HF patients to CSA [209].
Risk factors include male sex, hypocapnia, atrial fibrillation, and increasing age, but not
obesity [210]. CSA is distinctly less common in women with HF [204]. In HF patients,
sleep apnea (central or obstructive) increases blood pressure [211], atrial and ventricular
dysrhythmias [212], sympathetic activation [213], filling pressures [214], and the risk of
symptomatic deterioration. Since thoracic mechanics remain unaltered, ventricular af-
terload is not increased, and the effects of CSA on ventricular remodeling are less clear
than for obstructive sleep apnea (OSA) [204]. Therapy of OSA with continuous positive
airway pressure (CPAP) during sleep improves symptoms and ventricular function
[215,216]. Small observational studies have also reported lower mortality in patients with
CSA treated with CPAP, but these studies await confirmation in larger trials. Nonetheless,
most physicians recommend CPAP for HF patients with documented CSA. Empiric CPAP
in the absence of documented CSA has not been studied in HF patients to date. Atrial
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overdrive pacing may reduce the number of episodes of sleep apnea [217]. OSA afflicts
approximately 10% of patients with heart failure [218]. Given the prevalence, morbidity,
and ready therapy of either type of sleep apnea in patients with heart failure, it is incumbent
on the clinician to screen all patients with symptomatic heart failure for sleep apnea and
provide appropriate therapy. Since long-term compliance with CPAP is only 50% to 80%
[218], apparent treatment ‘‘failures’’ are commonly encountered in practice.

‘‘Cardiorenal’’ Phenomena

In chronic HF, deterioration in renal function may result from diminished cardiac output
and corresponding reduced glomerular filtration, alterations in the distribution of cardiac
output, intrarenal vasoregulation, alterations in circulatory volume, the degree and type
of neurohormonal activation, and the multiplicative toxic effects of medications [219]. As
a result, patients frequently exhibit altered renal function, including dysregulation of so-
dium and potassium homeostasis, a greater propensity to azotemia in response to vasodila-
tors or diuretics, reduction in renal clearance of metabolic products or medications, and
refractoriness to previously effective doses or schedules of oral or intravenous diuretic
therapies [220]. Approximately 25% of hospitalized HF patients exhibit deterioration in
renal function despite appropriate medical therapy [221]. In such hospitalized patients, a
rise in serum creatinine of 0.1 to 0.5 mg/dL is associated with a longer hospital length of
stay and increased in-hospital mortality [222].

This constellation of poorly understood physiological mechanisms and unpredictable
clinical responsiveness to appropriate therapies has been termed the ‘‘cardiorenal’’ syn-
drome [70]. Renal insufficiency is associated with increased mortality in both asymptom-
atic and symptomatic ambulatory HF patients (Figure 4) [219,223,224]. Patients with
advanced HF often exhibit unexpected and unpredictable alterations in renal function,
which render management challenging [70]. Hyponatremia is an important prognostic
marker in advanced HF and predicts mortality in ambulatory patients with symptomatic
HF [225], advanced HF [171], and in patients hospitalized with HF [226].

Cardiac Cachexia

Cardiac cachexia is usually defined as a nonintentional loss of greater than 7.5% of the
‘‘usual’’ weight of the patient [227]. Cardiac cachexia is associated with increased mortal-

Figure 4 Kaplan-Meier survival analysis by level of glomerular filtration rate at presentation
for ambulatory heart failure patients who participated in the Studies of Left Ventricular Dys-
function (SOLVD) trial. (From Ref. 222a.)
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ity in chronic HF independent of age, NYHA class, and LVEF and peak oxygen consump-
tion [228]. Compared to noncachectic patients, cachectic HF patients evidence loss of lean
muscle, adipose and bone tissue, and raised plasma levels of norepinephrine, epinephrine,
cortisol, plasma renin activity, aldosterone, TNF-� (tumor necrosis factor-�) and growth
hormone, but reduced levels of insulin-like growth factor 1 and typically high-levels of
insulin resistance [227,229–232]. Interestingly, levels of leptin, a hormone secreted in
response to TNF-� that decreases food intake and increases energy expenditure, appear to
be inappropriately low rather than high in cachectic HF patients [233]. A poorly understood
multifactorial process resulting from intersecting neurohormonal and inflammatory media-
tors, cardiac cachexia forebodes an ominous prognosis and bears appropriate recognition
and response by practitioners [230]. No specific therapy to counteract cardiac cachexia
yet exists [234].

Anemia

Anemia occurs in up to 17% of patients with HF and is associated with a modest increase
in all-cause mortality (Fig. 5) [235–238]. Anemia is less prevalent in recent-onset HF
[239]. Potential mechanisms remain speculative but include the effects of chronic disease,
excessive cytokine production, malnutrition, and plasma volume overload [240]. Small
trials to date have reported that therapy with subcutaneous erythropoietin and iron may
not only restore red cell mass but also improve symptoms and exercise capacity in patients
with moderate to severe chronic HF [240–242]. There may be little benefit to normalization
of the hematocrit via erythropoietin therapy in patients with HF receiving chronic hemodi-
alysis [243]. Elucidation of the role of erythropoietin therapy in patients with HF and
anemia awaits larger randomized studies.

Psychiatric

In observational studies to date, approximately 30% to 60% of hospitalized HF patients
[244,245] and 10% to 20% of ambulatory HF patients suffer from depression [246–248].
Despite similar measures of objective functional capacity, depressed patients tend to report

Figure 5 Kaplan-Meier survival analysis for ambulatory heart failure patients enrolled in
a comprehensive disease management program stratified by quartile of hemoglobin (Hg)
level. (From Ref. 236.)
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worse physical functional ability than nondepressed patients [249]. Depression is also
associated with reduced survival [247,250,251] and a 26% to 29% increase in the costs
of care [252]. Disease management programs for HF may also reduce symptoms of depres-
sion and improve quality of life [253]. The prevalence of anxiety does not appear to be
increased in HF patients, although studies have been few [244]. A sense of perceived
control reduces emotional distress in HF patients, including depression and anxiety [254].

PROGNOSIS

Older studies from the Framingham Heart Study reported in excess of a 50% 5-year
mortality for patients with symptomatic HF, and no difference in survival among patients
diagnosed between 1948 and 1974 compared with patients diagnosed between 1975 and
1988 [255]. A more recent study from the Framingham group, however, reported a reduc-
tion in 30-day, 1-year and 5-year age-adjusted mortality rates in heterogenous 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
1950–1969 to 1990–1999 [13].

Observational studies from selected academic centers have reported improved sur-
vival in patients with idiopathic dilated cardiomyopathy [256] and advanced HF [154,257].
A large observational study from Scotland noted improved survival in HF patients hospital-
ized between 1986 and 1995, with declines in case-fatality rates in men and women of
26% and 17% at 30-days; and from 18% and 15% at 1-year, respectively [258]. An
observational study of community-dwelling elderly persons found a substantial increase
in death from HF with adjusted hazard ratios of 1.25 in patients with no HF and borderline
LV function, 1.83 in patients with no HF and impaired LV function, 1.48 in patients with
HF and normal LV function, 2.4 in patients with HF and borderline LV function, and
1.88 in patients with HF and impaired LV function [259]. In a population based observa-
tional study of 38,702 consecutive unselected community-dwelling patients hospitalized
with HF between 1994 and 1997, the crude 30-day and 1-year case-fatality rates after first
admission for HF were 11.6% and 33.1%, respectively [260].

The contemporary combination of ‘‘triple’’ neurohormonal therapy with ACEI, beta-
blockers, and aldosterone antagonists coupled with appropriate implantation of ICDs may
reduce the annual mortality of advanced symptomatic heart failure by up to 75% (chronic
therapy of heart failure is discussed in more detail in Chapters 12 and 13) In more recent
clinical trials, including COPERNICUS, enrolling noninotropic dependent patients with
NYHA IV heart failure, the 1-year mortality in the placebo group was 18.5% [261].
However, in a more fragile cohort of inotrope-dependent patients in the REMATCH trial,
the mortality in the medical therapy group was 75% at one year [262]. A comprehensive
tabulation of the mortality results of recent clinical trials is summarized in Eichorn’s
comprehensive review [154].

Despite these gratifying results of chronic pharmacological and device therapies,
the number of deaths due to HF has increased in the United States, from 19,936 in 1979
to 43,010 in 1995, an increase of 116% [154]. The improved survival reported in interven-
tional pharmacological trials compared to observational population-based studies in HF
is likely due to differences in clinical characteristics (age, comorbidities, intensity of phar-
macological and device therapies), study exclusion criteria (recent infarction or revasculari-
zation, dementia, stroke, life-limiting illness), adherence to prescribed care and process
of care (frequent study visits, for example). In particular, factors for improved survival
include better dosing of ACI inhibitors, higher penetration of use of beta-blockers and
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aldosterone antagonists, increased use of aspirin and statin therapy in patients with coro-
nary artery disease, decreased used of calcium channel blockers and type I antiarrhythmics,
increasing indications for ICDs and amiodarone, biventricular pacing, ventricular assist
devices and cardiac transplantation, specialized physician and nurse practitioners with
expertise in heart failure, comprehensive HF centers, and use of HF disease management
programs.

PREDICTION OF SURVIVAL

To date, no single study has simultaneously evaluated the more than 50 variables associated
with prognosis in chronic HF [154]. In his recent comprehensive review of published
studies, Eichhorn identified norepinephrine levels, cardiac norepinephrine spillover, BNP
levels, LVEF, peak oxygen uptake, advanced age, history of symptomatic ventricular
arrhythmias or sudden cardiac death, and therapy with ACE inhibitors, beta-blockers,
aldosterone antagonists, implantation of an ICD and cardiac transplantation as the most
important predictors of outcome in chronic HF [154].

Of particular note, LVEF may lose its predictive accuracy in patients with advanced
HF symptoms [263,264] or in patients with an LVEF greater than 45% [265]. Among
hemodynamic variables measured during symptom-limited cardiopulmonary exercise test-
ing, peak left ventricular stroke work index is the single most informative parameter [123].
Patients admitted to the hospital with simultaneous signs of congestion and hypoperfusion
have a higher adjusted hospital mortality [266]. The presence of an S3 gallop and elevated
jugular venous pressure upon enrollment into the SOLVD treatment and prevention trials
predicted mortality [75,267].

The prediction of sudden cardiac death, which afflicts approximately one-third to
one-half of patients with chronic systolic HF, continues to be problematic [118,119]. The
prognostic importance of the nearly ubiquitous asymptomatic, nonsustained ventricular
tachycardia detected in patients with symptomatic heart failure as a predictor of sudden
death remains controversial. In the ATLAS trial, use of beta-blockers or amiodarone was
associated with decreased sudden death risk [225]. The clinical prediction of sudden car-
diac death and its prophylaxis are discussed in detail in Chapter 19.

CONCLUSION

This chapter has focused on the epidemiology, pathophysiology, and clinical syndrome
of HF with particular emphasis on clinical presentation and diagnosis. The last few decades
have proved an exciting time in our understanding of the pathophysiology of HF and
improvements of therapy. The rather impressive results of ‘‘antiremodeling’’ therapy with
current ‘‘triple’’ neurohormonal antagonists (ACE inhibitors, beta-blockers, and aldoste-
rone antagonists), coupled with that achieved with biventricular pacing and the decease
in sudden cardiac death risk with appropriate implantation of ICDs, has ushered in a new
era of therapy for chronic heart failure. On the not too distant horizon, a more precise
understanding of the pathophysiology and clinical course of HF, based in large part on
elucidation of genetic determinants and interactions, may provide an opportunity for a
more targeted and customized application of therapy than is now possible. The decades
to come will undoubtedly witness a whole new era of mature, durable, and miniaturized
devices and novel replacement therapies. It is not only conceivable, but indeed likely, that
future therapeutic options will eventually render the all present, all-too-common clinical
syndrome of HF a conquered disease of the past.
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Heart failure is often described as a disease with a 50% 5-year mortality. Earlier initiation
of therapies that delay progression of heart failure is likely to prolong survival beyond that
reported for previous cohorts. Thus, it is rare to discuss a 50% 5-year survival prediction to
a patient and family. Current populations of patients with a diagnosis of heart failure
include those with less than 10% risk of dying in the next year to those who are more
likely to die than survive (Fig. 1) [1]. Although many factors have been proposed and
published to refine these predictions, those based on clinical assessment continue to domi-
nate decisions for individual patients. From characterization of trial populations and of
individual patients, profiles are emerging that better define short-term outcomes.

PURPOSES OF PROGNOSTIC FACTORS/FEATURES

Prognostic factors proposed for heart failure are best explored by considering the three
major purposes for which they may be used (Fig. 2): (a) discovery of a primary characteris-
tic associated with outcome may further our understanding of the pathophysiology of
cardiac injury or progression to ventricular dysfunction, leading to development of new
therapies. In this case, it is critical to isolate association from causation and to establish
independence of this from other factors known to be important. As heart failure reflects
a complex path with multiple endogenous and exogenous contributors, there is usually a
relatively weak relationship between the proposed primary factor and outcomes for individ-
ual patients. (b) a prognostic factor may be useful because it identifies a target population
for current therapies. Not all prognostic factors represent such targets, as they may be
linked to outcome by hidden association with other causes, thus ‘‘bystander factors.’’
Even when factors are causative, therapy to change them is not necessarily associated
with better outcome. On the other hand, factors not necessarily causative can be useful
to characterize a population with a given likelihood of outcomes that might improve with
therapy. Results from trial populations can be interpolated to clinical settings. (c) the most
common use of prognostic factors is to advise individual patients. It may be most appropri-
ate to consider these prognostic ‘‘features’’ rather than factors. Use of prognostic features
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Figure 1 Estimated 1-year mortality on medical therapy including angiotensin converting
enzyme inhibitors (without beta-blockers) for heart failure according to New York Heart
Association clinical class, demonstrating increasing mortality with worse symptoms, but also
demonstrating the variability within class definitions between eras and between trials. For
patients receiving angiotensin converting enzyme inhibitors (ACEI), the mortality is lower
in the beta-blocker trials than in previous trials, even for the patients not receiving beta-
blockers (BBI placebo). The highest mortality for patients considered to have class IV symp-
toms (at rest or minimal exertion) was seen in the trial of left ventricular assist devices, for
which the majority of patients were receiving intravenous inotropic therapy at the time of
randomization.

Figure 2 Diagram showing the range of different parameters proposed as prognostic fac-
tors. These factors can be arranged from molecular to systemically integrated. The use of
prognostic factors varies similarly from understanding of pathophysiology, which is advanced
by identification of independent predictive power, to selection of high-risk therapies for indi-
vidual patients, which requires robust but not independent power.
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for individual patients may allow better allocation of further therapies that are restricted
by intrinsic risk or limited resource availability. When no specific therapies are available,
patients and families may be helped to resume or realign their expectations for the future.
These prognostic features for the individual generally represent integrated rather than
isolated components, and must carry a high degree of certainty for the individual.

MAJOR OUTCOMES PREDICTED

The most common outcomes predicted are survival or death. For heart failure, most deaths
occur suddenly or due to progressive hemodynamic deterioration. (Fig. 3) Defibrillator
firing and cardiac arrest are combined with sudden death in some series. For mild heart
failure, the proportion of deaths occurring suddenly is higher but the absolute risk is
about 5% annually [1–3]. At this stage of disease, sudden death is often described as
‘‘unexpected.’’ As heart failure progresses in severity, the absolute risk of sudden death
is higher, but increases less than total mortality.

Deaths occurring in patients with refractory symptoms of heart failure are generally
attributed to heart failure. In these patients, it is difficult to distinguish between death due to
primary arrhythmias and death due to terminal hemodynamic and metabolic derangement,
which can also cause dysrhythmias, and the distinction has few therapeutic implications.
Heart failure hospitalization is often a component of heart failure endpoints, although open
to more interpretation.

Considerable effort has been expended to find risk factors that preferentially predict
sudden or heart failure events. Such risk factors could help to identify the patients most
likely to benefit from defibrillators, particularly in countries with more restrained use of
this technology. As tachyarrhythmias, bradyarrhythmias, recurrent myocardial ischemia,
pulmonary emboli, and cerebrovascular events can all cause sudden death, it is not surpris-
ing that risk factors specific for sudden death have been difficult to identify. From a
practical standpoint, this distinction becomes less important for patients with long QRS
complexes and moderate-severe heart failure symptoms, who are now increasingly receiv-

Figure 3 Attributable causes of death in heart failure according to clinical class. Sudden
death predominates when symptoms are mild, whereas death is most often attributed to
hemodynamic deterioration, ‘‘pump failure,’’ when symptoms are severe. Data is adapted
from the MERIT trial of extended-release metoprolol in heart failure. (From Ref. 2.)
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ing biventricular pacemakers for their hemodynamic effects combined with defibrillation
capability on the same device platform.

CLASSIFYING PROGNOSTIC FACTORS AND FEATURES

In addition to clarifying the major role for a given prognostic factor as previously described,
it is useful to consider it in terms of the system level described (Table 1) [3]. Considerable
overlap exists within a system such that different parameters are interrelated and often
fail to provide independent information. With the modest size of most populations studied,
it is often difficult to determine which of the related variables carries the most predictive
power.

Among the demographic variables, older age consistently predicts higher mortality
among adults with chronic heart failure, although teen-agers and young adults are more
vulnerable to acute onset cardiomyopathy. Etiology interacts with both gender and race.
In most series, women have a better prognosis [4]. In part, this relates to gender differences
in etiology and physiology of hypertrophy, as women have more heart failure with pre-
served left ventricular ejection fraction (LVEF) and hypertrophy, whereas men have more
coronary artery disease. The African-American population demonstrates worse prognosis
with heart failure than Caucasian populations, after controlling as much as possible for
socio-economic factors (Chapter 20) [5]. The etiology for heart failure in blacks includes
hypertension in more than 60%, whereas only 30% have coronary artery disease. Although

Table 1 Types of Prognostic Factors

Type of System Examples

Abbreviations: 6 MW, six minute walk distance; BNP, brain natriuretic peptide; BUN, blood urea nitrogen; CAD,
coronary artery disease; CI, cardiac index; IL4, interleukin 4; LV, left ventricle; LVAD, left ventricular assist
device; Na, serum sodium; NE, norepinephrine; NYHA, New York Heart Association; pkVO2, peak oxygen
consumption; SBP, systolic blood pressure; TNF, tumor necrosis factor alpha; VT, ventricular tachycardia.

Demographics
Etiology
Physiology expression

fraction

Patient/Environment

Molecular
Microscopic
Ventricular structure/function
Hemodynamics clinical
Electrical properties

Systemic integration

Renal function
Metabolic status
Therapies taken

Perceived function
Clinical stability 
Referral bias

Events

Age, gender, race, comorbidity
CAD, amyloidosis
Genotype, mRNA, protein
Myocyte size, degree of fibrosis
LV mass, volume, ejection
Filling pressures, CI, SBP, fraction
Atrial fibrillation, QT dispersion,

nonsustained VT
Exercise response: pkVO2, 6MW
Neurohormonal: BNP, NE
Serum sodium
Inflammatory markers: TNF, IL4
Creatinine, BUN, Na
Thyroid regulation, nutritional
ACE inhibitors, beta-blockers,

Inotropic agents
NYHA, Minnesota Heart Failure
Hospitalization, congestion score
Transplant evaluation, not eligible

for transplant or LVAD
Hospitalization
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less effective for hypertension, angiotensin-converting enzyme inhibition is effective for
the therapy of heart failure in the African-American population [6], in whom volume
retention may be more avid. Diabetes confers a 30% higher risk of poor outcome in both
asymptomatic and symptomatic heart failure [7], an effect primarily on patients with
coronary artery disease, in whom the risk of progressive heart failure is increased by
almost 50% if diabetes is present.

In addition to the classifications in Table 1, prognostic factors can also be classified
by the breadth of the population included. Many features prominent in advanced disease
are absent in early disease, yielding encouraging correlation coefficients when both are
shown on the same graph. Although these features may contribute to understanding the
pathophysiology of decompensation, they are unlikely to add useful information beyond
that obtained by even a perfunctory clinical assessment. On the other hand, factors that
vary widely within a narrow range of disease severity may help to identify individual
patients with outcomes different from the average for the group studied. Prognostic features
may be constant or variable over time; in the latter case utility may be greater when
measured after standardized intervention, or when serial changes are tracked over time.

MICROSCOPIC FEATURES

The explosion of new information regarding genetic differences, gene regulation and
expression, and proteomics will soon contribute to our understanding of outcomes and
hopefully therapies in heart failure, but is not now generally pertinent for predicting indi-
vidual outcomes. Notable exceptions are the presence of certain beta-adrenoreceptor poly-
morphisms that are prevalent in African-American populations [8]. Larger myocyte size
and more extensive fibrosis were found to predict outcome in small early experiences
with endomyocardial biopsy tissue [9] and fibrosis predicted less response to beta-blocker
therapy in dilated cardiomyopathy [9]. The degree of histological change has been used
to predict development of subsequent heart failure after doxorubicin hydrochloride (Adria-
mycin) therapy [10]. The specificity of the identification of viral genomic material in
myocardial tissues remains controversial, but may guide testing of new therapies beyond
those that failed in previous trials of myocarditis diagnosed by lymphocytic infiltration
alone. The invasive nature of endomyocardial biopsy limits its application to prognosis
for heart failure outside of specific limited etiologic subsets.

VENTRICULAR STRUCTURE AND FUNCTION

Gross assessment of ventricular structure is predominantly performed with echocardiogra-
phy. Other than left ventricular mass, most measures of structure are highly dependent on
loading conditions and, thus, linked to assessment of function. Widely measured, left
ventricular ejection fraction is easily understood and applied for all three purposes related
to prognosis. Across a broad spectrum of patients, those with low ejection fraction reliably
fare worse than those with normal ejection fraction. However, the clinical utility is greatest
in patients with few or no symptoms of heart failure. Once symptoms of heart failure are
major (Class III or IV), left ventricular ejection fraction has little additional prognostic
value [11]. Patients with left ventricular ejection fractions above 30% (or ‘‘preserved’’)
have lower mortality in some but not all studies and have equivalent rehospitalization
rates. Many of the major prognostic factors, such as clinical severity and renal function
indices, apply similarly to patients with low and ‘‘preserved’’ ejection fractions. The most
notable difference between these two groups is the rarity of hypotension and clinical
hypoperfusion in patients with preserved ejection fraction.
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It is increasingly questioned whether the left ventricular ejection fraction is as rele-
vant as the left ventricular dimension. This determines wall stress, a major stimulus for
ventricular remodeling and a powerful predictor of outcomes in asymptomatic populations,
such as those after myocardial infarction or with primary valvular regurgitant lesions.
Remodeling toward more spherical shape is associated with worse outcomes. As heart
failure progresses, left ventricular dilation remains a robust predictor of outcomes even
once severe symptoms have developed. Patients referred with advanced heart failure and
left ventricular diastolic dimension over 8 cm, or dimension index over 4 cm/m2, have
mortality that is 50% at 2 years compared with 25% for smaller ventricles [12].

Even when left ventricular ejection fraction is severely reduced, exercise capacity
and prognosis are further worsened by development of right ventricular dysfunction [13].
Due to its irregular shape, right ventricular ejection fraction is less often measured, requir-
ing first-pass radionuclide angiography, magnetic resonance imaging, or approximate area
measurements from echocardiography. As there are better tools for measurement, right
ventricular performance will increasingly be recognized as a determinant of compensation
in advanced disease. In biventricular failure, the right ventricle is often the border-forming
segment of the chest x-ray, contributing to cardiothoracic (CT) ratio. This ratio was com-
monly used to assess the severity of heart failure prior to the common use of echocardiogra-
phy. As right ventricular volumes vary markedly with acute changes in circulating volume
status, CT ratio can change significantly over a short period of diuretic therapy.

Mitral and tricuspid regurgitation develop secondarily as a result of distortion of
the supporting structures of the left ventricular wall and papillary muscles due to both
dilation and regional fibrosis. Even when not audible on physical examination, mitral and/
or tricuspid regurgitation are present in almost all patients with severe clinical decompensa-
tion [14]. Their presence heralds worse outcome, as seen with other markers of severely
elevated filling pressures (see following text). This dynamic regurgitation can account for
up to 75% of total stroke volume in severe decompensation, and diminish to 25% acutely
after therapy to decrease filling pressures and vascular resistance [15].

CENTRAL HEMODYNAMICS

Many parameters determine and reflect central hemodynamics. There is considerable over-
lap between hemodynamic variables and the ventricular structure/function relationships
previously discussed. Most direct hemodynamic measurements focus on intracardiac or
arterial pressures or flows, although they are inextricably related. As indicated by the
‘‘dynamic’’ term, these measurements change from moment to moment. Their use for
diagnosis, therapy, and prediction depends on appropriate definition of the circumstances
of measurement. They are most commonly measured during quiet supine rest, but addi-
tional information may be derived from measurements obtained during supine or upright
exercise. As for many other prognostic factors, their relationship to clinical function and
outcome may be enhanced by serial measurements after specific therapies.

Filling Pressures

Although heart failure was at one time envisioned as primarily an abnormality of low
cardiac output, resting perfusion may be decreased little or not at all in many patients
with severe symptoms. The ‘‘congestive’’ picture of heart failure relates instead to the
symptoms and signs of elevated filling pressures (Table 2). Elevated left ventricular end-
diastolic pressures increase left atrial filling pressures, and both are further increased by
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Table 2 Factors Reflecting Filling Pressures

Direct measurement:
LVEDP, LAP, PCW
PAS, PAD
RAP, CVP
Echocardiographic correlates:
Left atrial pressure estimated
Pulmonary artery systolic pressure estimated
Mitral/tricuspid regurgitation
Mitral inflow patterns
Pulmonary venous flow patterns
Inferior vena cava diameter and motion
Radiographic correlates:
“Pulmonary vascular congestion”
Pulmonary vascular redistribution
Cardiothoracic ratio
Laboratory
Natriuretic peptides
(Total blood volume)
Clinical assessment
Jugular venous pressure (JVP) height and waveform
Third heart sound (weakly correlated)
“Wet” profile
Clinical congestion score (1–5 scale)

Abbreviations: CVP, central venous pressure; LAP, left
atrial pressure; LVEDP, left ventricular end-diastolic
pressure; PAD, pulmonary artery diastolic pressure; PAS,
pulmonary artery systolic pressure; PCW, pulmonary
capillary wedge pressure; RAP, right atrial pressure.

the development of mitral regurgitation. Using the pulmonary artery catheter, pulmonary
capillary wedge pressure is the most common pressure used to describe populations and
disease severity. In patients without major intrinsic lung disease, the pulmonary artery
diastolic pressure tracks well with wedge pressure. Although pulmonary pressures may
be raised with multiple other conditions, such as chronic pulmonary emboli and intrinsic
lung disease, pulmonary artery systolic pressure is usually about twice the pulmonary
capillary wedge pressure in patients with chronically elevated left-sided filling pressures
[16]. Development of right ventricular failure with elevated right atrial pressures and
engorgement of the inferior vena cava usually occurs after chronic left-sided pressure
elevation, and to some extent indicates chronicity and severity of left-sided failure. The
development of right ventricular dysfunction often heralds inexorable decline, with de-
creased exercise tolerance as cardiac reserve diminishes, and declining nutritional status
as hepatosplanchnic congestion ensues. It is not yet possible to establish a hierarchy for
the prognostic value of right- or left-sided filling pressures. Some analyses include only
one index of filling pressures; in other studies, the close interdependence of the filling
pressure measurements precluded their use as independent predictors of outcome. The
overall robustness of the relationship between filling pressures and survival may be due
to the duality of causal links: (a) high filling pressures cause many of the symptoms leading
to severe functional limitation, and (b) the intraventricular filling pressures stimulate



Stevenson and Zei222

changes in gene expression and myocyte function, while worsening the supply-demand
imbalance for myocardial oxygen.

There is marked heterogeneity in the degree of filling pressure elevation at a given
level of left ventricular dysfunction and a given level of symptoms. Many patients with
markedly elevated filling pressures chronically do not show obvious heart failure signs or
symptoms [17]. Nonetheless, patients with normal filling pressures have the best prognosis.
More important than the hemodynamics at the time of presentation are those that can be
achieved during aggressive therapy with vasodilators and diuretics. Among two groups
of patients with initial pulmonary wedge pressure 28–30 mm Hg during evaluation for
transplantation, those in whom therapy with vasodilators and diuretics tailored to reduce
filling pressures achieved pulmonary wedge pressure less than or equal to 16 mm Hg, 1-
year survival was 83% compared with 38% in patients in whom final pulmonary wedge
pressures remained higher [18].

Echocardiographic parameters have also been shown to predict survival outcomes
(Table 2). Radiographic evidence of heart failure offers relatively less information because
abnormalities are generally present in the majority of chronic heart failure patients, and
there is little quantitation; findings also change unpredictably with variations in clinical
status. As previously described, the cardiothoracic ratio in chronic dilated heart failure
usually reflects the right ventricle as border-forming element, and right ventricular size
changes rapidly with changing volume status. Using a threshold value for CT ratio has
some prognostic value in large series [19].

Natriuretic peptides can be elevated by myocardial injury and increased wall stress,
both acutely and chronically [20]. Unlike many biochemical markers (see following text),
natriuretic peptides may become elevated during the asymptomatic phase of left ventricular
dysfunction in unselected community populations and after myocardial infarction. These
elevations may reflect acute injury, in the case of acute myocardial infarction, and subse-
quently increased wall stress due to subtle regional remodeling and/or intermittently in-
creased filling pressures. Once left ventricular dysfunction has become advanced, changes
in natriuretic peptides track most closely with changes in left-sided filling pressures [21].
Across both broad and focused spectra of patients, brain natriuretic peptide and the pro-
peptide divide patients into groups with better and worse prognosis (Fig. 4) [22]. Compared
with other single markers, natriuretic peptides appear more reliable in predicting severity
of clinical decompensation and likelihood of early re-hospitalization or death. There is a
wide range of values for a given clinical state [23], however, and serial measurements
reveal frequent examples in which the levels are inexplicably higher or lower than expected
in an individual patient.

Cardiac Output

Understanding the role of cardiac output in outcomes has been complicated by difficulties
in its assessment. The ‘‘gold standard’’ is laboratory measurements of arterio-venous
oxygen differences with simultaneous measurement of inspired oxygen from the Fick
calculation. Estimated Fick outputs using assumed oxygen consumption are reasonable for
broad classification, as the mixed-venous oxygen saturation correlates with the adequacy of
perfusion except at the extremes. The thermodilution pulmonary artery catheters provide
more accessible measurements that stratify populations and can guide therapy. Measure-
ments made more than two decades ago indicate that patients with low cardiac output fair
worse than those with preserved cardiac output. Further, patients who can augment their
cardiac output from resting levels generally have less impairment in exercise capacity.
However, individual degrees of compensation are often not accurately predicted by either
cardiac output or filling pressures.
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Figure 4 Levels of brain natriuretic peptide (BNP; ng/ml) in relation to estimated New York
Heart Association clinical class. Although there is a strong trend for higher BNP levels in
more severe class, there is marked variation within each group. The major source for the
data is derived from assessment of patients presenting to the Emergency Department with
dyspnea. (From Ref. 59.)

Much disillusion regarding the importance of cardiac output resulted from the multi-
ple trials of inotropic therapy. Inotropic therapy reliably provides acute increases in cardiac
output. Chronic investigational oral inotropic agents have been associated with increased
mortality due to sudden death; further, milrinone has also been shown to increase heart
failure deaths [24]. Interestingly, cardiac output when measured during chronic inotropic
therapy did not increase over baseline, but deteriorated further when the inotropic agents
were discontinued, suggesting intervening deterioration. Increasing reduced cardiac output
appears less important than lowering elevated filling pressures, whether assessed by symp-
tomatic response or survival after redesign of standard oral therapies [18].

Clinical Assessment

The most widely employed assessment methods are those that can be performed immedi-
ately in the clinical setting with minimal disruption. While some symptoms and physical
signs have been associated with objective hemodynamic measurements, the prognostic
importance of such physical findings may be greater than abnormalities identified unex-
pectedly from invasive hemodynamic assessment done for other reasons.

Orthopnea

Orthopnea is one of the most useful symptoms for characterization of filling pressures.
Patients with a history of heart failure who develop orthopnea are generally assumed to
have elevated filling pressures unless proven otherwise. In patients recently discharged
from hospitalization for decompensated heart failure, the persistence of orthopnea at 1
month is associated with a three-fold higher mortality at 1 and 2 years [25].

Jugular Venous Pressure

This physical sign has a direct correlate to measured right atrial pressure, when jugular
venous pressure in cm height is 1.3 times the right atrial pressure in mm Hg. There is
marked variation in the ability of clinicians to accurately identify the jugular venous pulse
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and further discrepancy in the quantitative assessment. Nonetheless, even the information
of ‘‘elevated’’ or ‘‘not elevated’’ was found to have prognostic implications among patients
with asymptomatic or mildly symptomatic heart failure, The identification of elevated
jugular venous pressure is associated with a 30% higher risk of death or heart failure
hospitalization [26].

Third Heart Sound

The circumstances creating the third heart sound during rapid filling in early diastole are
not well understood. Although often considered to be a sign of elevated filling pressures,
the third heart sound is much more common in systolic heart failure and ventricular
dilatation than when filling pressures are elevated in heart failure with normal ventricular
size and ejection fraction. Some patients never develop third heart sounds during periods
of heart failure decompensation, while other patients never lose them. Third heart sounds
are unquestionably more prevalent in patients with elevated filling pressures. The new
appearance or an increased intensity of a third heart sound during serial follow-up usually
correlates with increasing volume overload. Among patients who otherwise appear clini-
cally similar, the presence of a third heart sound predicts a substantially higher rate of
heart failure events [26].

Blood Pressure

As vasodilator and neurohormonal antagonist therapy for heart failure evolved, it became
clear that these therapies led to major benefits despite lowering blood pressures. Patients
tolerated systolic blood pressures in the 80 mm range surprisingly well. Thus, the emphasis
on blood pressure was minimized, unless patients described symptomatic hypotension.

With the majority of patients now on ACEI and many on beta-adrenergic receptor
blockers titrated as tolerated, the baseline conditions are more uniform and the relevance
of blood pressure is again becoming apparent. Clinical trial populations stratified by 1-
year mortality demonstrate an inverse relationship between outcome and baseline systolic
blood pressure (Figure 5). Blood pressure is a complex function of cardiac output, large

Figure 5 Relationship of baseline systolic blood pressure (mm Hg) to 1-year mortality in
clinical trials and the wet-warm and wet-cold populations. (From Ref. 27.)
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vessel and small vessel compliance, and vascular responsiveness. For instance, lower blood
pressure may indicate a lower baseline cardiac output, which would be adverse, or less
intense peripheral vasoconstriction, which may be salutary. Hypotension often limits upti-
tration of ACEI and beta-blockers that may improve subsequent outcome. Whenever in-
cluded in multivariate analysis of advanced heart failure patients, systolic blood pressure
has been found to be highly correlated with early outcomes.

Hemodynamic Profiles

In practice, multiple components of the clinical assessment are generally integrated to
characterize patients. These profiles are used to guide therapy and also provide general
information regarding subsequent prognosis. Four basic hemodynamic profiles accurately
and readily divide patients according to evidence of congestion and hypoperfusion at rest
[27] (Figures 6 and 7). Evidence of congestion include jugular venous distention, positive
hepato-jugular reflex, and a square wave Valsalva maneuver response. Peripheral edema
is also included but is present in fewer than 30% of patients younger than 70 years with
chronic heart failure and evidence of congestion. Further, its presence in older patients
frequently reflects peripheral venous insufficiency rather than elevation in right-sided
filling pressures. Rales are uncommon despite severely elevated filling pressures if heart
failure is chronic, due to the compensatory hypertrophy of pulmonary lymphatics to main-
tain clear airspaces. Evidence of hypoperfusion is often based on the difference between
systolic and diastolic blood pressure, which must be auscultated carefully by a trained
clinician. Cool extremities, particularly calves and forearms also suggest hypoperfusion.

The majority of ambulatory patients with NYHA (New York Heart Association)
class I–II symptoms have hemodynamic profile A (warm and dry). Within groups of
patients with limiting daily symptoms (Class III–IV), the hemodynamic profiles provide
further characterization: patients with profile B (warm and wet) have a 1.8-fold higher
risk of death or transplantation within the next year than patients with the warm and dry
Profile A (Figure 6). Patients with profile C (cold and wet) have the worst prognosis, with
2.5-fold higher mortality than profile A. Most patients who initially appear to be profile
L (cold and dry) are actually profile C, but the few patients with true profile L usually
have exercise intolerance with few symptoms at rest and prognosis that may be better but
certainly not worse than profile B.

Although the criteria used to classify patients are based on hemodynamic considera-
tions, the profiles may carry more information than the measured hemodynamic param-
eters. For instance, a given elevation in left-sided filling pressures may be more deleterious
when it causes orthopnea, perhaps as a result of low net oncotic pressures in the pulmonary
circulation, or an adverse impact through disordered sleep. A given reduction in cardiac
output may be more deleterious when associated with peripheral vasoconstriction causing
cool extremities. Even more important, assessment of clinical profiles can be done within
2 minutes in any setting and repeated serially to follow clinical changes over time [27].

Biochemical Markers

The biochemical markers that reflect neurohormonal activation are of particular interest
because they clarify pathophysiology and represent targets for therapy. Plasma norepi-
nephrine levels have been shown by Chidsey with Braunwald and colleagues in 1964 [28]
to be elevated in experimental heart failure. Their importance in clinical heart failure was
demonstrated by Cohn to be greater than the contribution of mean arterial pressure, heart
rate, serum sodium, and measured hemodynamics [29]. Of more than 700 patients from
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Figure 6 Two minute assessment of clinical hemodynamic profile from simple clinical
information [60]. The four profiles are defined as described by Nohria and colleagues [27].
The letter L is used for cold and dry rather than D to avoid the incorrect implication that the
cold-dry profile occurs after the cold-wet C or denotes more severe disease. In fact, patients
usually feel much better with the cold-dry than the cold-wet and the prognosis appears to
be better, although this group is too small to analyze extensively. The symptoms that weigh
into the diagnosis of ‘‘wet’’ are orthopnea, immediate dyspnea on light exertion (IDLE),
gastrointestinal complaints of fullness, early satiety, anorexia, or right upper quadrant tender-
ness. Peripheral fluid retention can lead to edema, when severe to anasarca, which can be
either symptoms or signs. Jugular venous distention is the most sensitive and specific sign
of volume overload. The abdomino-jugular reflex, the Valsalva square wave, and a P2 that
radiates beyond the left lower sternal border are helpful signs for the experienced examiner.
Low perfusion is more difficult to identify accurately, but is suggested by a narrow pulse
pressure and cool extremities. It is one cause of obtundation and one of many causes of
worsening renal function. Patients who develop symptomatic hypotension even to low doses
of ACE inhibitors in the presence of clinical congestion, often have critically low cardiac
output that is dependent on intrinsic neurohormonal activation.

the Veterans Administration Heart Failure trials, dominated by New York Heart Associa-
tion Class II patients, the median plasma norepinephrine level was 490 pg/ml [30] com-
pared with normals showing less than 200 pg/ml. For levels below 600 pg/ml, 1-year
mortality was approximately 7%, for levels between 600 and 900 pg/ml it was 15%, and
for levels greater than 900 pg/ml it was 25%. Although increased norepinephrine levels
trended with increased mortality at all levels, the striking increase occurred when levels
exceeded 900 pg/ml, in which case mortality annualized from over more than 4 years
doubled from approximately 14% to 30%.

Plasma renin levels have been related to prognosis with left ventricular dysfunction
even in populations with few or no symptoms of heart failure. For patients with symptom-
atic heart failure, the median level was 7 ng/ml. The 25% of patients in that study with
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Figure 7 Relationship of subsequent outcomes to initial profile obtained at the time of
hospitalization [27]. Event rates of death � urgent transplantation are shown for patients
discharged after hospitalization with heart failure.

renin activity greater than 16 ng/ml had higher mortality throughout the trial [30]. Interest-
ingly, there was little relationship between elevation in norepinephrine and elevation in
plasma renin activity. Both, however, identified the groups in which enalapril was clearly
superior to the hydralazine-isosorbide combination. The use of plasma renin activity as a
prognostic factor has little value in this era because the routine use of renin-angiotensin
system antagonist leads to increased plasma renin levels.

Multiple other response systems are affected by advancing heart failure. Unlike the
sympathetic and renin angiotensin system, this activation has not been clearly implicated
as a cause rather than as an effect of disease severity. For example, serum endothelin levels
are high in decompensated disease and reduced with therapy. Inflammatory activation is
progressively increased with worsening heart failure severity. Circulating cytokines, of
which the best studied is tumor necrosis factor alpha, are generally elevated in advanced
disease [31]. However, variability in binding and fate of circulating cytokines limits their
utility as prognostic markers within an advanced disease population.

In contrast to norepinephrine, plasma renin and cytokine activity, serum sodium
concentration is measured routinely and serially during the course of disease. As heart
failure progresses, serum sodium levels are inversely correlated with activation of the
renin-angiotensin system, but may reflect other factors as well, such as the stimulation
of antidiuretic hormone (vasopressin) and excessive thirst. Serum sodium appears as a
continuous variable, predicting worse outcome throughout the range from normal to severe
hyponatremia. Its impact on prognosis is most evident in the late stages of disease. In one
study of advanced heart failure (mean LVEF 17%, creatinine 1.8 mg/dL, cardiac index
� 2.0 L/min/m2, left ventricular end-diastolic pressure of 26 mmHg) performed prior to
the routine use of neurohormonal antagonist therapy, patients with serum sodium greater
than 137 mEq/L had a 1-year survival of 50%, whereas those with serum sodium between
133 and 137 mEq/L had 1-year survival of 35%, and those below 133mEq/L had less
than 20% 1-year survival [32]. Low serum sodium appears to identify patients less likely
to tolerate angiotensin converting enzyme inhibitors, but also more likely to benefit if
they can be tolerated. In a more recent study of patients referred for transplantation with
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NYHA class IV symptoms and left ventricular ejection fraction less than 25%, those
patients who had a serum sodium greater than or equal to 136mEq/: had 1-year survival
of 70%, whereas those with serum sodium less than 134 mEq/L had 1-year survival of
only 50% [11].

Serum creatinine is increasingly recognized as an important prognostic factor. Al-
though it was once assumed that higher serum creatinine in heart failure reflected worse
renal function due to progressive disease, worse renal function itself contributes to heart
failure progression and worse outcome, as shown in both the asymptomatic and symptom-
atic heart failure populations in the Studies of Left Ventricular Dysfunction [33]. This
relationship persists even when patients with serum creatinine above 2.0 mg/dl are ex-
cluded. An estimated creatinine clearance less than 60 cc/min predicted 1.7 times higher
risk of heart failure death in the asymptomatic population, and 1.5-fold higher in the
symptomatic population. Although often not reported in earlier trials, every recent trial
of heart failure has found serum creatinine to predict higher rate of hospitalization and
death, which is particularly dramatic when the baseline serum creatinine level exceeds
2.0 mg/dl.

Plasma natriuretic factors are elevated progressively from the asymptomatic stage
through end-stage disease. Elevation in both the atrial and brain (B-type) natriuretic pep-
tides predicts worse outcome after myocardial infarction, emergency room visit, and in
the setting of chronic heart failure. The most useful measure appears to be B-type natriuretic
peptide (BNP), which is released predominantly from the left ventricle under conditions
of stress (Figure 4). BNP levels correlate in large heart failure populations with NYHA
heart failure symptoms (Class I: 244 � 286 ng/ml; Class II: 389 � 374 ng/ml; Class III
640 � 447 ng/ml; and Class IV: 817 � 435 ng/ml) [23]. For any given severity of
symptoms, BNP levels tend to be lower in heart failure with preserved LVEF than in heart
failure with ventricular dilatation.

Metabolic parameters change late in the disease process. At this stage, changes in
nutrition and related functions can contribute to further deterioration [34]. Markedly ele-
vated right-sided filling pressures and tricuspid regurgitation can result in anorexia, im-
paired absorption of nutrients (and medications), and decreased hepatic function. Serum
prealbumin levels fall before serum albumin. Intrahepatic conversion of T4 shifts away
from T3 to reverse T3; thus, the declining ratio of T3 to reverse T3 identifies more severe
disease and predicts worse outcome in advanced disease [35] (note: this relationship does
not apply in the presence of amiodarone therapy, which also affects T4 to T3 conversion).

Markers of Dysrhythmia Risk

Electrical markers of prognosis vary from clinical arrhythmias to baseline QRS morphol-
ogy to specialized invasive and surface recordings. The presence of atrial fibrillation
confers a worse prognosis in both asymptomatic left ventricular dysfunction and mild-
moderate heart failure. In the combined populations, the risk of death attributed to pump
failure was 34% vs. 23% over the four years, an independent risk of 1.42, without signifi-
cant increase in unexpected death [36]. This excess risk appears to have decreased as use
of type I anti-arrhythmic therapy decreased and the use of amiodarone increased [37].

Asymptomatic nonsustained ventricular tachycardia is increasingly frequent as the
disease severity worsens, runs greater than or equal to 3 beats were observed in half of
patients with Class II and III heart failure in the V-HeFT trial [38]. The presence of
couplets or nonsustained ventricular tachycardia predicted increased overall mortality of
25% vs. 15% at 2 years, suggesting that asymptomatic ventricular ectopy serves more as
a marker for disease severity rather than a specific one for arrhythmic substrate. It may
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be more specific for predicting sudden death in patients with a history of prior myocardial
infarction. A history of sustained ventricular tachycardia or cardiac arrest is well known
to predict subsequent arrhythmic events and is now an indication for placement of an
implantable defibrillator, which successfully aborts most recurrences. Syncope in heart
failure also predicts increased risk of sudden death regardless of etiology, whether or not
a precipitating cause for the syncope can be identified [39].

Prolonged QRS duration is increasingly prevalent with increasing severity of heart
failure. The prognostic significance in future populations will be confounded by the in-
creasing use of biventricular pacemakers, with or without defibrillation capability, to im-
prove ventricular synchrony in patients with long QRS.

QT interval prolongation has been shown to predict worse outcome in patients with-
out cardiac diagnoses, those with diabetes mellitus, and patients with history of myocardial
infarction. Interactions may be important, as a shorter resting QT interval predicted lower
mortality during dofetilide therapy in patients with heart failure after myocardial infarction
[40]. The maximum QT interval predicted overall mortality, sudden death, and heart failure
death in a United Kingdom study of ambulatory heart failure patients, but was no longer
predictive when other clinical variables were included [41]. A recent study of patients
selected for BNP levels greater than 400 pg/ml demonstrated over a three-fold higher
event rate at 6 months in patients whose average baseline corrected QT interval exceeded
440 msec, after excluding patients with paced or irregular rhythms [42]. Most of the events
in that study were attributed to pump failure rather than arrhythmias.

The signal-averaged ECG (SAECG) is influenced by heterogeneity of ventricular
repolarization [43] but is also affected by prolonged QRS duration and has not been shown
to be a sufficiently strong predictor of sudden death risk to guide therapy [44]. The degree
of QT dispersion on the resting ECG may also reflect heterogeneity of repolarization, but
is not sufficiently predictive to identify either high- or low-risk populations at baseline [45],
or during therapy with dofetilide [46]. Another potential marker of electrical instability, T-
wave alternans during exercise testing, is currently undergoing evaluation as a predictor
of increased risk for life-threatening ventricular tachyarrhythmias [47].

CLINICAL INTEGRATORS

Clinical Class

Despite the multiplicity of single predictors of outcome and objective scales of functional
capacity, the NYHA clinical class, and minor variations continue to be useful descriptors
of overall mortality (Figure 1). The annual mortality of patients in NYHA Class I, without
recent index events, such as a myocardial infarction or hospitalization for heart failure,
is less than 10%, probably closer to 4% to 5% depending more on the likelihood of other
cardiovascular conditions than the left ventricular dysfunction itself. For Class II, mortality
is estimated at 5% to 15%; Class III is 15% to 30%; and Class IV is 30% to 70%, depending
on responses to therapy and evidence of systemic decompensation [1]. Data from many
clinical trials tend to underestimate this mortality, as the trial populations are younger
(mean ages 55–65 years) and selected for absence of comorbidities. Further, there has
emerged the phenomenon of ‘‘class creep’’ in order to meet enrollment benchmarks. The
recent COPERNICUS trial describing the benefits of beta-blocking agents in the elusive
population of patients considered to be functional class IV with normal volume status
showed a 1-year mortality of only 18.5% in the placebo arm [48]. The MERIT trial of
extended release metoprolol described 1-year mortality of 6% in Class II, 10% in Class
III, and 19% in class IV [2]. On the other hand, the 1-year mortality of patients with
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refractory Class IV symptoms on standard medical therapy, left ventricular ejection fraction
less than or equal to 25%, and mean peak oxygen consumption less than 12 ml/kg, in the
REMATCH trial of left ventricular assist devices was 60% [49]. The persistence of this
inexact and subjective classification offered by the New York Heart Association classifica-
tion testifies to the importance of both clinical integration and simplicity of predictors of
outcome.

More quantitative approaches to integration have been developed. Heart failure scor-
ing systems have been proposed that summate points for many of the individual prognostic
factors in order to assign an overall risk factor score. This approach has been complicated
by inclusion of some continuous variables, such as sodium and creatinine, which must
either be reduced to arbitrary threshold levels or given a range of values that is hard to
validate in combination with other variables. The Aaronson heart failure score is currently
the best validated approach to patients referred for cardiac transplantation, as it was devel-
oped from one dataset and confirmed in another later set [50]. The noninvasive model
included presence of ischemic heart disease, resting heart rate, left ventricular ejection
fraction, mean blood pressure, intraventricular conduction delay, peak oxygen consump-
tion, and serum sodium, while the invasive model added pulmonary capillary wedge pres-
sure as a variable. Application of such risk scores to contemporary heart failure populations
has been limited, however, by the rapid evolution of new medical and device-based thera-
pies. For instance, much of the earlier data has been rendered less relevant by the increasing
prevalence of implantable defibrillators, which decrease the sudden death component of
mortality. Similarly, the rapid growth in the use of biventricular pacing now frequently
obscures variables related to the native QRS complex. Heart rate may also be less predictive
as beta-blocking agents have become standard therapy for most patients. The contribution
of serum sodium concentration may now be altered by wider use of aldosterone antagonists.

While providing sophisticated integration, the clinical scores lack not only generaliz-
ability but also simplicity. Scores from multiple variables are feasible for study populations
or institutional case-mix adjustments. They remain impractical for calculation for routine
use during daily clinical practice for individual patient decisions.

FUNCTIONAL ASSESSMENT

The four clinical classes of heart failure in the New York Heart Association system are
intended to reflect the global limitation of daily activity. More objective measurement
can be made of exercise capacity. This is actually an integrative assessment, as multiple
physiological factors determine exercise capacity. Oxygen delivery is a function of heart
rate, stroke volume, and oxygen carrying capacity. Although rarely limiting in the absence
of intrinsic pulmonary disease, adequate pulmonary gas exchange is also necessary. Even
if peripheral oxygen delivery is adequate, the peripheral circulation must respond to distrib-
ute the additional blood flow to exercising muscles. The state of the peripheral muscles
is the last major physiological determinant of oxygen consumption, which can be markedly
effected by deconditioning. Peak oxygen consumption during symptom-limited exercise
is considered the gold standard for assessment of exercise capacity, as the level of anaerobic
metabolism helps to indicate the degree of effort expended and the role of cardiac limitation
in the overall exercise performance.

The prognostic value of measured peak oxygen consumption depends on the popula-
tion being studied. Like most measures of prognosis, the highest and lowest values are
most widely separated, but these are also the clinical profiles easiest to identify without
formal exercise testing. The landmark work by Mancini established the peak oxygen
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consumption measurement as part of evaluation of ambulatory patients undergoing consid-
eration for cardiac transplantation [51]. One-year survival was more than 90% for patients
when peak oxygen consumption exceeded 18 ml/kg/min (correlates approximately with
NYHA II functional class). The widely used threshold for transplant eligibility is 14–15
mk/kg/min, or less than 50% predicted maximum. However, most of the predictive power
of this threshold derives from the dismal prognosis of patients with peak oxygen consump-
tion less than 10 ml/kg/min, about the amount of oxygen uptake required for easy walking.
In the initial study, survival at 1 year was less than 50% when peak oxygen consumption
was below 10 ml/kg/min. The majority of patients had peak oxygen consumption between
10 and 18 ml/kg/min, a broad range in which peak oxygen consumption had less power
to correctly identify patients with high early mortality risk. Pulmonary capillary wedge
pressure measurements can provide additional information to peak oxygen consumption
[51]. A later study by Lucas and colleagues of 307 patients showed 2-year survival of
85% with peak oxygen consumption greater than 16 ml/kg/min, and 2-year survival of
50% with initial peak oxygen consumption below 10 ml/kg/min [52].

The 6-minute walk test is an easier physiological measurement than peak oxygen
consumption. As with other measures, the highest and lowest values identify patients most
and least likely to survive. Lucas and colleagues have reported that patients walking more
than 425 meters in 6 minutes had 2-year survival of 80%, whereas those walking fewer
than 300 meters had 2-year survival of 65%. The 6-minute walk distance has been used
in a mild-moderate heart failure population to discriminate the highest risk patients, who
still had a mortality of only 10% during extended follow-up [53]. Therefore, the 6-minute
walk distance appears less able to predicted adverse outcomes than peak oxygen consump-
tion among more active patients with mild-moderate heart failure symptoms [52]. It may
be more sensitive to changes in therapy when baseline values are very low in advanced
stage disease.

Multiple questionnaires have been used to summarize patient-perceived limitations.
These correlate in a general way with functional status and exercise capacity. The addi-
tional important psychological inputs of belief systems, depression, and anxiety may add
to the power of these questionnaires to predict outcomes.

RESPONSES AFTER THERAPY

Heart failure is a chronic disease with the potential for dips and plateaus. Although the
disease is slowly progressive, many of the troughs are transient and can be followed by
prolonged periods of clinical stability. The duration of the plateaus seems to be extending
with earlier and broader use of angiotensin-converting enzyme inhibitors and beta-blocking
agents. A patient profile at any one point in time may provide misleading information
about the overall course of disease, particularly as patients are most likely to be assessed
during a trough period of clinical instability.

There is increasing interest toward identifying disease markers that can be assessed
over time and for which a change would be more important than the initial baseline
value. During therapy with vasodilators in the Veterans Administration Heart Failure trials
(predominantly NYHA class II, average initial ejection fraction 30%), a five point fall in
left ventricular ejection fraction during the first 6 months identified patients twice as likely
to die during the next year as those whose ejection fraction rose by 5 to 10 points [54].
More recently, improvement in left ventricular ejection fraction has also correlated with
better survival during therapy with beta-adrenergic blocking agents. Left ventricular di-
mension may prove more sensitive and useful as a marker of changing prognosis during
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therapy, because those nonsurgical therapies with long-term benefits have been shown to
be those that decrease left ventricular volumes. The current difficulty of measuring small
changes in ventricular dimensions and volumes has, thus far, limited this parameter for
routine clinical monitoring. Changes in neurohormonal measurements over time closely
correlate with clinical status and outcomes for populations. Norepinephrine (NE) levels
increase less dramatically over time during more intense inhibition of the renin-angiotensin
system. Absolute differences in mortality stratified by norepinephrine levels remain signifi-
cant when examining large numbers of patients, but are not as striking for an individual
patient. In the V-HeFT trial, mortality in the highest quartile of NE increase is approxi-
mately 20% higher than in the lowest quartile, but the prognostic value of changes is not
sufficiently robust to predict outcomes reliably for individual patients.

ACE inhibitors and beta-adrenergic blocking agents are cornerstones of heart failure
therapy, increasingly emphasized in guidelines and performance measures. Earlier studies
indicating worse prognosis for patients not receiving these medications reflected not only
their therapeutic benefit but also the inexperience of their treating physicians. Contempo-
rary studies now include more subtle physiological risk stratification of patients unable
to tolerate these life-saving medications. Intolerance can result from idiosyncratic side
effects, but also from dependence upon higher levels of neurohormonal activation, trig-
gered by need for acute neurohormonal support during progressive heart failure decompen-
sation.

SELECTION FOR END-STAGE THERAPIES

Most of the prognostic factors discussed above have been useful to describe large groups
of patients, and in some cases to understand disease progression. Populations with more
abnormal parameters are more likely to have subsequent clinical events. However, as the
disease progresses, population averages become less meaningful. Therapies need to be
individualized according to the relative weights of risks and benefits and after adjusting
for immediate versus delayed risk. Surgical therapies often bring a front-loaded risk with
anticipated better outcomes later. When considering current replacement therapies with
transplantation or assist devices, a critical inflexion point may be whether a given patient
is more likely to be dead than alive at the end of the next 12 months (Fig. 8).

Patients considering end-stage therapies are generally those with limiting symptoms
of heart failure during daily life, a NYHA class ‘‘IIIB’’ or IV, most of the time. Many
patients presenting with these symptoms can nonetheless return to a comfortable quality
of life with better prognosis if aggressive therapy can render them free of congestion and
stability can be maintained, usually including intensive heart failure disease management
(Fig. 9). During follow-up after hospitalization with class IV symptoms of failure, more
than half of patients had no evidence of congestion at 1 month, and had a 2-year survival
of 87%, compared with 67% for patients with one to two points for congestion, and 41%
for patients with three to five points for congestion using a simple five-point congestion
score including elevated jugular venous pressure, orthopnea, edema, recent weight gain,
or need for diuretic increase [25]. Interestingly, much of the information from this score
was contained in the orthopnea component alone.

As the disease progresses, therapeutic regimens must also change. Patients may
become intolerant to medications that they previously tolerated. Renal function and hypo-
tension pose more substantial limitations than during earlier stages of heart failure. The
‘‘cardiorenal syndrome’’ has been defined as renal function deterioration during diuresis,
despite persistently severe volume overload [55]. This seems more common with longer
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Figure 8 Bar graph comparing 1-year mortality from two trials of advanced heart failure
to mortality for escalating severity of disease defined after adjustment of medical therapy.
The COPERNICUS trial describes class IV patients after excluding patients with fluid reten-
tion or recent inotropic therapy [61]. The RALES trial describes patients with current or
recent class IV symptoms [62]. The reevaluation of patients in terms of clinical congestion
score showed that those patients discharged from a hospitalization for Class IV symptoms
had better survival if they had 0 on a congestion score 1 month later, than if they have
persistent evidence of clinical congestion [25]. Patients receiving intravenous inotropes have
less than 50% 1-year survival, with the worst outcome in those patients truly demonstrated
to be dependent after repeated weaning attempts [49,63,64].

Figure 9 Potential populations for transplantation or mechanical support, demonstrating
the importance of knowing prognosis with current therapies in order to select patients likely
to have better prognosis with high-risk therapies, such as transplantation or mechanical
support. (Adapted from Ref. 65.)
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duration of disease and more severe right ventricular dysfunction, but may also be exacer-
bated by underlying hypertensive, diabetic, or atherosclerotic renal disease. The blood
urea nitrogen is usually disproportionately elevated. Few studies have included patients
with severely impaired renal function, so it is only recently that the vital importance of
cardiorenal interactions have begun to be reemphasized. As previously discussed, declining
systolic blood pressure also identifies higher risk cohorts, assuming institution of standard
medications without unacceptable symptoms of hypotension.

The ability to tolerate ACE inhibitors seems to be a strong predictor of better out-
comes, once heart failure has progressed. In one study of patients hospitalized with NYHA
class IV heart failure symptoms, ACEI were discontinued due to progressive renal dysfunc-
tion or hypotension in 23% of patients who had previously tolerated them at standard
doses. The average disease duration was 5 years vs. 2 years in patients who remained on
ACEI [56]. One-year survival for those patients discharged on oral medications without
ACEI was 45% compared with 77% for those on continued long-term ACE inhibitor
treatment (Fig. 9).

Ambulatory patients at highest risk for morbid or fatal events during the next year
are those felt to need outpatient inotropic therapy. These patients have had a mortality of
approximately 50% by 6 months, 80% to 95% by 12 months [57]. The evaluation and
declaration of ‘‘inotrope dependence’’ remains vague and contentious. The poor outcome
of this group likely reflects both the severity of illness triggering inotropic therapy, and
the risks added by inotropic therapy itself [57].

Current information is accumulating from disparate experiences regarding patients
sick enough to be considered for replacement therapy but well enough from the noncardiac
standpoint to recover from a major cardiovascular procedure. Increasingly precise outcome
data will help these patients make decisions according to the fundamental principle that

BENEFIT � Outcome (product of quality X length of survival) with intervention
minus Outcome (quality X length) without intervention

Experience with more than 60,000 patients after cardiac transplantation now indicates a
1-year survival in the range of 85%, with 10-year survival of almost 50%.[58]. Many
patients with heart failure have a predicted natural history worse than this, so selection
for the very limited number of donor hearts is based largely on the relative risk of early
death without transplantation, and the potential comorbidities that could compromise long-
term outcome.

Conversely, the current outcome data for left ventricular assist devices as ‘‘destina-
tion’’ therapy for permanent support is derived from only 129 patients who were ineligible
for transplantation. The 1-year survival with the left ventricular assist device was in the
range of 50% [49]. Even though outcomes are improving rapidly with mechanical support,
the appropriate candidate population at the present time would need to have an expected
1-year mortality substantially higher than 50% on medical therapy in order to expect a
survival benefit from a ventricular assist device. Increasing depth of data about this popula-
tion with and without devices will refine our ability to select patients for these newer
therapies (Figure 8).

THE PROGNOSIS FOR CHANGE

Our current approach to predicting outcomes in heart failure is rapidly becoming obsolete
as broader understanding about the genetic basis for disease and the molecular events
central to disease progression are elucidated. The complexity of adaptive and maladaptive
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reflex responses to cardiac and circulatory compromise are being better defined. At the
same time, our ability to image and measure pathological processes already exceeds our
wisdom to apply this new information in order to individualize therapy.

The success of current therapies has created a new population of survivors for which
baseline characteristics and modes of risk differ from the classic studies that defined our
earlier prognostic risk models. Even the mode of death is evolving away from the tragically
unexpected ‘‘sudden death’’ to the more expected progressive form of advanced heart
failure for which palliative therapies no longer remain adequate to maintain a comfortable
life.

The mosaic of previous prognostic factors turns in a kaleidoscope with newer factors
that may soon dominate. Regardless of the specific factors found, it remains vital to classify
them as to their purpose: to understand pathophysiology, to identify targets for design of
therapy, to compare populations, or to provide individual patients with the best information
on which to plan the remainder of their lives.
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Conventional Therapy of Chronic Heart
Failure: Diuretics, Angiotensin-Converting
Enzyme Inhibitors, and Digoxin
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Heart Failure and Transplantation Unit, Massachusetts General Hospital
Boston, Massachusetts, USA

TREATMENT GOALS

Heart failure treatment goals should include improvement in symptoms, increased func-
tional capacity, prevention or partial amelioration of left ventricular dilatation, and im-
provement in survival. Although never prospectively validated in clinical trials, several
general measures are advisable for most heart failure patients because they are not harmful
and generally improve functional capacity. Obese patients should lose weight, smokers
should discontinue tobacco use, and low-level aerobic physical activity should be encour-
aged. Every effort should be made to identify and correct reversible causes for heart failure.
Specific treatment should be initiated for anemia, thyrotoxicosis, or other causes of high
cardiac output failure. Systemic hypertension should be aggressively treated, and surgical
correction of significant valvular, congenital or cardiac lesions should be considered. With-
drawal of any cardiac depressants, such as alcohol, should be encouraged.

Heart failure that persists, after correction of reversible causes, should be treated
with dietary sodium restriction, diuretics for volume overload, vasodilator therapy (particu-
larly ACE [angiotensin-converting enzyme] inhibitors), digitalis, and �-adrenergic block-
ers (Fig. 1). Sodium restriction is generally not necessary for patients with mild (New
York Heart Association [NYHA] class I or II) heart failure symptoms. However, a restric-
tion below 4 g per day is generally indicated for patients with more advanced heart failure
symptoms [1].

PHARMACOLOGIC THERAPY FOR SYSTOLIC HEART FAILURE

Diuretics

Diuretics remain the mainstay of treatment for ‘‘congestive’’ symptoms, but have not
been shown to improve survival. Diuretics interfere with sodium retention by inhibiting
the resorption of sodium or chloride in the renal tubules. Most agents produce further
chronic activation of a renin-angiotensin system in heart failure patients by lowering
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Figure 1 Standard pharmacological approach to heart failure based upon agent and sever-
ity of clinical heart failure symptoms. (From Ref. 1a.)

afferent glomerular renal blood flow. However, neurohormonal activation (renin, angioten-
sin, endothelin-1 and BNP [brain natriuretic peptides]) have been shown to acutely de-
crease after short-term diuretic therapy designed to decrease markedly elevated filling
pressures among patients with decompensated heart failure [2]. All diuretics except spiro-
nolactone reach luminal transport sites within the kidney through the tubular fluid. A high
degree of protein binding (� 95%) limits glomerular filtration, even among patients who
are hypoalbuminemia. Binding to serum proteins traps the diuretic in the vascular space
so it can be effectively delivered to the secretory sites of the proximal tubular cells. The
plasma half-life of a diuretic determines the frequency of administration. Two pharmaco-
logical classes of agents are available: loop diuretics and agents that act in the distal tubule
[3] (Table 1). Dyazides and distal diuretics have sufficiently long half-lives that they can
be administered once or twice daily. Loop diuretics have shorter half-lives that range from
1 hour for bumetanide to 3 to 4 hours for torsemide. The half-life of furosemide is 1.5 to
2 hours [3].

The relationship between the arrival of a diuretic at its site of action in the kidney,
and the natriuretic response determines the pharmacodynamics of the drug (Fig. 2). This
pharmacodynamic relationship holds for all loop diuretics, although the curve may be
shifted to the right or left. This response means that in a given patient, the maximum
response to each loop diuretic is the same. The same type of dose-response also holds
true for thiazide diuretics. This relationship indicates that a threshold quantity of drug
must be achieved at the site of action in order to produce a diuretic response. Thus, diuretic
dosing must be individualized in order to determine the dose that will be sufficient to
achieve this steep portion of the curve, as shown in Figure 2 (i.e., the effective dose).

Loop Diuretics

The loop diuretics include ethacrynic acid, furosemide, torsemide, and bumetanide. These
are the most potent diuretics currently available and inhibit tubular reabsorption of sodium
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Figure 2 Pharmacodynamic effect of a loop diuretic. The relationship between the natri-
uretic response and the amount of diuretic reaching the site of action is represented by a
sigmoid-shaped curve. (From Ref. 3.)

chloride in the ascending limb of the loop of Henle (the diluting segment). Up to 30% of
the filtered load of sodium chloride is excreted in the urine after intravenous administration
of furosemide. Recent data suggest that torsemide and bumetanide may be more effective
than furosemide in advanced heart failure [3,4]. Although the oral availability of furose-
mide varies widely (10% to 100%), absorption of torsemide and bumetanide is nearly
complete (ranging from 80% to 100%) [3]. These newer drugs are particularly effective
in the presence of right-sided heart failure, which impairs absorption of the agent from
the gastrointestinal tract. Once a day dosing of a loop diuretic is usually effective, but
patients with persistent fluid retention may require twice daily dosing.

Long-term oral administration of loop diuretics may lead to hypokalemia, hypomag-
nesemia, extracellular volume contraction, orthostatic hypotension, azotemia, and hypo-
chloremic, hypokalemic alkalosis. Nonetheless, loop diuretics remain effective, even in
the presence of metabolic alkalosis, or substantially impaired renal function.

Thiazide Diuretics

Thiazides act mainly by inhibiting reabsorption of sodium and chloride in the distal convo-
luted tubules of the kidney. They also increase potassium secretion in the distal convoluted
tubules and collecting ducts, resulting in potassium depletion. Thiazide-induced diuresis
is generally relatively modest; these agents are ineffective when the glomerular filtration
rate falls below 40 mL per minute [3]. Chlorothiazide and hydrochlorothiazide are the
most commonly prescribed agents. Undesirable side effects include hypokalemia and hypo-
magnesemia. Drug fever and allergic dermatitis may also occur. Thrombocytopenia, leuko-
penia, and vasculitis are all rare complications of these agents. Thiazides often precipitate
or exacerbate hyperglycemia, worsen hyperuricemia, and may decrease sexual function.
Further, thiazides can adversely affect lipid metabolism, producing up to an 8% elevation
of low density lipoprotein (LDL) cholesterol and a 15% to 20% increase in triglyceride
levels. Fortunately, many of these adverse effects on lipids may be short-term; serum
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cholesterol levels have been reported to decline back to baseline within 12 to 24 months
of therapy.

Metolazone is a member of the quinazoline-sulfonamide group; it exerts its effects
primarily by inhibiting sodium reabsorption at the cortical diluting site, and in the proximal
convoluting tubule. The drug’s prolonged duration of action is generally believe attributed
to protein binding and entero-hepatic recycling.

Potassium Sparing Diuretics

Spironolactone, triamterene, and amiloride are relatively weak diuretics on their own, but
enhance the action and counteract the kaliuretic effects of the more potent loop diuretics.
The spironolactones are steroid analogs of the mineralocorticoids, and work by inhibiting
the effects of aldosterone on the distal tubule. These agents should be employed only in
patients with advanced heart failure whose creatinine is below 2.5 mg/dL, and potassium
level is below 5.0 mEq/L. Both spironolactone and eplerenone have been shown to improve
survival in advanced heart failure and following acute myocardial infarction, respectively
(Chapter 15). Ongoing trials should address the important therapeutic question whether
aldosterone-inhibiting agents will benefit patients with mild heart failure or asymptomatic
left ventricular dysfunction.

Triamterene has a site of action similar to that of spironolactone, and causes similar
urinary changes. Amiloride acts at the proximal and distal tubules, principally by inhibiting
Na�-K�-ATPase. These potassium sparing agents should also be used cautiously in pa-
tients with renal dysfunction as they may precipitate significant hyperkalemia.

Diuretic Tolerance

Lack of response to diuretic therapy may be cause by excessive sodium intake, use
of agents that antagonize their effects (e.g., nonsteroidal anti-inflammatory drugs,
including cyclooxygenase-2 [COX-2] inhibitors), worsening renal dysfunction, or com-
promised renal blood flow due to worsening cardiac function. Further, long-term
administration of a loop diuretic is associated with hypertrophy of the distal nephron
segments, with concomitant increases in reabsorption of sodium [5]. Sodium that
escapes from the loop of Henle is, therefore, actively reabsorbed at more distal sites,
decreasing overall diuresis. This phenomenon results in long-term tolerance to loop
diuretics. Thiazide diuretics block the nephron sites at which this hypertrophy occurs.
Thus, the combination of a loop diuretic plus a thiazide may create a synergistic
response and should be considered for patients who do not have an adequate response
to an optimal dose of a loop diuretic. Metolazone exacts a markedly additive response
when administered with furosemide; this combination may offer an alternative to
intravenous therapy for patients with significant edema. High-dose furosemide when
administered as a continuous infusion may also be more effective than given as bolus
administration for hospitalized patients with acutely decompensated heart failure [6].
In cases of advanced (NYHA class III–IV) heart failure, patients should be instructed
to follow a flexible diuretic program, whereby they adjust their daily diuretic dose to
maintain a desired prespecified body weight, ascertained to minimize their symptoms
of venous congestion. This ‘‘ideal’’ body weight should be periodically reevaluated
during office visits.

Vasodilator Therapy

Vasodilator therapy remains one of the two cornerstones of heart failure treatment (Fig.
1, Table 2). The mechanisms of action of different vasodilators vary and include a direct
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Table 2 Effects and Dosages of Major Vasodilators Used in Heart Failure Management

Venous Arteriolar
Dilating Dilating

Agent Mechanism of Action Effect Effect Usual Dosage

Source: From Ref. 41.

Nitroglycerin
Isosorbide

dinitrate

Hydralazine

Sodium
nitroprusside

Epoprostenol
(prostacyclin)

Captopril

Enalapril

Lisinopril

Quinapril

Ramipril

Losartan

Valsartan

Candesartan

Irbesartan

Direct
Direct

Direct

Direct

Direct

Inhibition of angiotensin-
converting enzyme

Inhibition of angiotensin-
converting enzyme

Inhibition of angiotensin-
converting enzyme

Inhibition of angiotensin-
converting enzyme

Inhibition of angiotensin-
converting enzyme

Angiotensin II receptor
blockade

Angiotensin II receptor
blocade

Angiotensin II receptor
blockade

Angiotensin II receptor
blockade
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25–500 �g/min I.V.
5–20 mg q. 2 hr s.l.

or 10–60 mg q.
4 hr p.o.

10–100 mg q. 6 hr
p.o.

5–150 �g/min I.V.

5–15 ng/kg/min I.V.

6.25–50.0 mg q.
6–8 hr p.o.

5–20 mg b.i.d., p.o.

10–40 mg/day p.o.

10–40 mg/day p.o.

1.25–5 mg/day p.o.

25–100 mg/day p.o.

80–320 mg/day p.o.

16–32 mg/day p.o.

75–300 mg/day p.o.

effect primarily on venous capacitance vessels (nitrates), arterioles (hydralazine), or a
direct balanced effect on the venous and arterial systems (sodium nitroprusside, �-adrener-
gic blocking agents, angiotensin-converting enzyme (ACE) inhibitors, and angiotensin II
receptor blockers).

Agents that are primarily venodilators reduce elevated cardiac filling pressures. Thus,
nitrates can effectively reduce pulmonary congestion, while having little effect on systemic
blood pressure. Conversely, agents that primarily dilate the arterioles (true afterload reduc-
ing agents) reduce systemic vascular resistance and improve cardiac output, but produce
little change in ventricular filling pressures. If the rise in cardiac output leads to improve-
ment in renal perfusion, however, diuresis may ensue with a secondary decrease in cardiac
filling pressures. Drugs that produce balanced venous and arteriolar dilation should gener-
ally be chosen as first-line therapy because most heart failure patients have elevated preload
and afterload that require pharmacologic modulation.

The ACE inhibitors play a crucial initial role in the treatment of heart failure by
altering the vicious cycle of hemodynamic abnormalities and neurohormonal activation.
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The renin angiotensin aldosterone system is known to exert a crucial pathophysiological
role in the production of both heart failure symptoms and disease progression [7]. Enhanced
sympathetic neural activity also leads to further renal-mediated renin production through
vasoconstriction of efferent renal arterioles. These elevated levels of angiotensin II and
sympathetic neural activity produce clinically important vasoconstriction and increased
renal production of aldosterone. Angiotensin II exerts its actions in target organs and
tissues by binding to both angiotensin II, type 1, and 2 (AT1 and AT2) receptors. Most
adverse effects in humans are mediated primarily by the AT1 receptor [7]. ACE inhibitors
decrease the formation of angiotensin II that inhibit the breakdown of bradykinin. In turn,
increased bradykinin levels result in the formation of nitric oxide and other important
endogenous vasodilators. Most ACE inhibitors are formulated as prodrugs, requiring esteri-
fication in the liver, and are cleared by renal mechanisms. Although tissue affinities differ
between drugs, this property has not been shown to impact clinical outcomes.

Randomized, controlled clinical trials have demonstrated the beneficial effects of
ACE inhibitors on functional status, neurohormonal activation, quality of life, and survival
in patients with chronic heart failure due to left ventricular systolic dysfunction [8,9].
ACE inhibitors reduce the risk of death due to heart failure, sudden cardiac death, and
myocardial infarction; similar mortality benefits have been demonstrated with multiple
agents in a broad range of patients [8] (Table 3). Although randomized trials in patients
with NYHA class II or III heart failure symptoms have shown that survival is improved
by either an ACE inhibitor or the combination of hydralazine and isosorbide dinitrate, a
review of more than 30 randomized trials indicates that only the ACE inhibitors are
associated with both enhanced survival and improved functional status [8]. In patients
with NYHA class III or IV heart failure symptoms, captopril increases survival to a greater
extent than hydralazine when doses are titrated to achieve the same hemodynamic goals,
and when nitrates are included in both regimens; this beneficial effect is presumably due
to captopril’s additional actions on neurohormonal activation [10].

There is clear and compelling evidence that ACE inhibitor therapy should be used
whenever feasible in all symptomatic heart failure patients (Fig. 2). A variety of well-
designed prospective, placebo-controlled studies, particularly CONSENSUS I (Coopera-
tive New Scandinavian Enalapril Study I), V-HeFT II (Vasodilator Heart Failure Trial II),
SOLVD (Studies of Left Ventricular Dysfunction) trials, and the MHFT (Munich Mild
Heart Failure Trial) have shown improvement in symptoms and survival in patients with

Table 3 Effect of ACE Inhibitors on Mortality in Patients with Heart
Failure

Mortality

Trial ACEI Controls RR (95% CI)

Chronic CHF
CONSENSUS I 39% 54% 0.56 (0.34–0.91)
SOLVD (Treatment) 35% 40% 0.82 (0.70–0.97)
SOLVD (Prevention) 15% 19% 0.92 (0.79–1.08)

POST MI
SAVE 20% 25% 0.81 (0.68–0.97)
AIRE 17% 23% 0.73 (0.60–0.89)
TRACE 35% 42% 0.78 (0.67–0.91)
SMILE 10% 14% 0.71 (0.49–0.94)
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heart failure symptoms, ranging from NYHA class I–IV [9]. The benefits are far-reaching
with a survival benefit evident for up to 12 years among patients who participated in the
SOLVD trial [11] (Fig. 3).

Despite the unequivocal benefits of ACE inhibitor therapy, only 60% to 75% of all
symptomatic patients take these agents [12]. Lack of treatment in the elderly remains
problematic. Initiating treatment in this population often causes the clinician greatest con-
cern; yet, this is the cohort in whom heart failure is most prevalent, and that includes the
largest number of patients who may benefit from therapy. The dose of ACE inhibitors
should be slowly uptitrated in the elderly to avoid orthostatic hypotension, but fully effec-
tive doses can usually be achieved.

Figure 3 Long-term survival for patient who participated in the Studies of Left Ventricular
Dysfunction (SOLVD) Prevention (upper panel) and Treatment (lower panel) trials. Survival
analysis extends to 12 years. Numbers beside the curves denote the percentage of survival
at trial termination, 5 years, and 12 years after randomization, calculated by the Kaplan-
Meier method. (From Ref. 11.)
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Important racial differences may also exist in pharmacological responsiveness to
different vasodilator agents. Retrospective analyses of both the V-HeFT and SOLVD
populations have confirmed that although enalapril was effective in decreasing mortality
and hospitalizations among white patients, it was less effective in black patients with heart
failure of comparable severity [13,14] (Fig. 4). In contrast, conventional therapy utilizing
hydralazine and isosorbide dinitrate appears effective in lowering all-cause mortality in
blacks [13] (Chapter 20). Whether these differences are related to genetic polymorphisms
in key genes, such as the angiotensin-converting enzyme, is currently unknown.

Dosing

Controlled trials have generally targeted high doses regardless of the patient’s therapeutic
response. The Assessment of Treatment with Lisinopril And Survival (ATLAS) trial dem-

Figure 4 All-cause mortality (top panel) and hospitalizations (bottom panel) for heart failure
among black patients and white patients randomly assigned to enalapril or placebo. The
rate of hospitalization for heart failure among black patients receiving enalapril was signifi-
cantly higher than among white patients receiving enalapril (p� .001). Mortality was similar
among black and white patients regardless of treatment. (From Ref. 13.)



Dec248

onstrated that high doses of lisinopril (32.5 to 35 mg daily) were better than low dosages
(2.5 to 5 mg daily) in reducing the risk of hospitalization, but the two dosages had similar
effects on symptoms and mortality [15]. Nanes and colleagues found no significant differ-
ence in survival, and clinical or hemodynamic variables, between patients who received
standard dose enalapril (mean dose 18� 4 mg daily) or high dose enalapril (42�19 mg
daily) [16]. Further, a recent study by Tang and colleagues could not demonstrate any
difference between high- and low-dose enalapril on serum aldosterone or plasma angioten-
sin II suppression, despite a dose-dependent reduction in serum ACE activity [17]. Thus,
dosing should be guided by the higher doses used in randomized clinical trials. However,
even low doses confer a significant benefit, and dose adjustments may be necessary in
order to permit the use of other agents, particularly �-blockers, in patients when marginal
blood pressure (e.g., � 85 mm Hg) is present.

ACE Inhibitors in Postmyocardial Infarction Management

ACE inhibitor therapy has become the standard of care among patients with asymptomatic
or minimally symptomatic left ventricular dysfunction to slow disease progression and is
also indicated to reduce mortality after acute myocardial infarction. Postinfarction trials
have now randomized more than 100,000 patients, and have demonstrated that ACE inhibi-
tor treatment results in a 10% to 27% reduction in all-cause mortality, and a 20% to 50%
reduction in the risk of developing symptomatic heart failure [18] (Table 3).

The largest randomized clinical trials have included the Survival And Ventricular
Enlargement (SAVE� trial, the Acute Infarction Ramipril Efficacy (AIRE) trial, the Sur-
vival of Myocardial Infarction Long-Term Evaluation (SMILE) trial, the Gruppo Italiano
per lo Studio Della Sopravvivenza Nell’Infarto Miocardico-3 (GISSI-3) trial, and the
Fourth International Study of Infarct Survival (ISIS-4). Pooled mortality data from the
SAVE, AIRE, and TRACE studies found an odds ratio for ACE inhibitor therapy vs.
placebo of 0.74 (95% confident intervals, 0.66–0.83), p�001 [19] (Fig. 5). The absolute
event-rate difference was 5.7% between treatment groups. For every 1000 patients treated,
approximately 60 deaths would be avoided (or, to avoid one death, about 15 patients
would need to be treated for about 30 months). Oral ACE inhibitors, begun within 24
hours of acute myocardial infarction, are safe and appear most beneficial for patients
whose left ventricular ejection fractions are reduced below 40% to 45%.

ACE Inhibitor-Aspirin Interaction

Aspirin is frequently prescribed when heart failure results from ischemic heart disease.
Two retrospective analyses of large-scale clinical trials have suggested that aspirin lessens
the beneficial effects of ACE inhibitors on survival and cardiovascular morbidity [20].
Despite these concerning post-hoc findings, no prospective studies have evaluated the
possible adverse interaction between these two commonly prescribed agents.

There is some evidence that the potential interaction between aspirin and ACE
inhibitors may be dose-related. A recent meta-analysis of all hypertension and heart failure
patients who had received both agents suggest that aspirin at doses less than or equal to
100 mg showed no interaction with ACE inhibitors [21].

A potential mechanism for the hypothesized adverse interaction between aspirin and
ACE inhibitors in heart failure patients involve prostaglandin synthesis. ACE inhibitors
are known to augment bradykinin, which in turn stimulates synthesis of key prostaglandins
that may contribute to vasodilatation. In the presence of aspirin, the bradykinin-induced
increases in prostaglandins may be attenuated, thereby potentially reducing the benefits
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Figure 5 Cumulative mortality for patients who participated in the SAVE (Survival and
Ventricular Enlargement), AIRE (Acute Infarction Ramipril Efficacy), and TRACE (Trandola-
pril in patients with reduced left ventricular function after acute myocardial infarction) trials.
Number of patients at risk at each of the first 5 years of observation following myocardial
infarction are indicated along the horizontal axis. (From Ref. 19.)

of ACE inhibition. No data are available on the potential interaction between adenosine
diphosphate (ADP) antagonists, such as clopidogrel and ACE inhibitors. Current Heart
Failure Society of America practice guidelines recommend that each medication be consid-
ered on its own merits. These guidelines indicate that there is currently insufficient evi-
dence concerning the potential negative therapeutic interaction between aspirin and ACE
inhibitors to warrant withholding either of these medications when an indication exists
for their administration [22].
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Digitalis

Cardiac glycosides have played an important role in the treatment of heart failure for over
three centuries. Withering described in stunning detail, clinically important aspects of the
therapeutic properties and toxicity of the common foxglove plant (digitalis purpurea) in
1785 [23]. Throughout most of the 20th century, controversy existed about whether the
risks of digitalis outweighed its therapeutic benefits, particularly among patients with heart
failure who remained in sinus rhythm. During the past 15 years, a variety of clinical trials
have carefully examined this issue in heart failure patients. Digoxin is a semi-synthetic
derivative made from the leaves of the plant digitalis lanata. At the cellular level, digitalis
acts by inhibiting sarcolemmal Na�-K�-ATPase activity, thereby restricting the transport
of sodium and potassium across the plasma membrane [24]. This enzymatic inhibitor
property leads to an increase in the intracellular sodium and an efflux of potassium from
the cell. Coupled with the influx of sodium is an increase in calcium uptake, which is
then made available to the contractile elements of the myofibrils. Diastolic calcium levels
are minimally increased because of rapid sequestration of intracellular calcium by the
sarcoplasmic reticulum.

In addition to its positive inotropic effects on cardiac muscle, digitalis also reduces
activation of the sympathetic nervous system and the renin-angiotensin system [25]. Abnor-
malities of carotid baroreceptor function and excess sympathetic nervous system activity
are both important components of chronic heart failure. Digitalis can partially restore the
inhibitory effects of the cardiac baroreceptor system on sympathetic efferent outflow from
the central nervous system [25]. Digoxin also partially restores the impaired circadian
pattern of heart rate variability that is prominent in heart failure patients [26]. Van Veldhui-
sen and colleagues found digoxin to be more effective than placebo in reducing plasma
norepinephrine and renin activity and improving exercise duration when administered as
monotherapy in mild heart failure patients [26] (Fig. 6). Thus, chronic digoxin usage
exhibits favorable inhibitory effects on the sympathetic nervous system and enhanced
parasympathetic effects [26–28].

Figure 6 Effect of 6-months of treatment with digoxin (n � 22; solid bars) or placebo (n
� 20; open bars) on exercise time, plasma norepinephrine and plasma renin in patients
with mild heart failure (p�0.05) (From Ref. 26a.)
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Clinical Trials of Digoxin Efficacy in Chronic Heart Failure

A variety of short- and long-term controlled and uncontrolled clinical trials have provided
unequivocal evidence that chronic digoxin administration can increase left ventricular
ejection fraction, improve exercise capacity, decrease heart failure symptoms, and reduce
heart failure-associated hospitalizations and emergency room visits [28]. The first well-
designed trial was reported by Dobbs and colleagues in 1977 [29]. These investigators
completed a double-blind, placebo-controlled, single-crossover study of chronic digoxin
treatment in 46 patients: 34% of patients deteriorated while receiving placebo, 8 of whom
improved following reinstitution of digoxin. Interpretation of the study is complicated by
the inclusion of almost one-third of patients with atrial fibrillation whose outcomes were
not distinguished from those who remain in sinus rhythm. Flag and colleagues performed
a double-blind, placebo-controlled crossover study in 30 NYHA class II–III patients over
a 3-month period [30]. Digoxin discontinuation resulted in a significant decline in ejection
fraction, though was not associated with changes in orthopnea, paroxysmal nocturnal
dyspnea, or exercise tolerance. An elegant study by Lee and colleagues reported beneficial
effects of chronic digoxin therapy as assessed by a summated clinical heart failure score
that consisted of a dyspnea index, presence or absence of pulmonary rales, heart rate,
signs of right-sided congestion, and chest x-ray findings of left-sided heart failure [31].
Patients who demonstrated a favorable response had more chronic and severe heart failure
symptoms, greater left ventricular dilatation, and more markedly impaired ventricular
function. Multivariate analysis showed that the presence of a third heart sound was the
strongest predictor of improvement during digoxin treatment in that study [31].

The Captopril Multicenter Research Group trial was the first randomized, placebo-
controlled prospective trial of sufficient power to address the true efficacy of digoxin
therapy. This study evaluated the outcome of captopril, digoxin, or placebo treatment in
300 patients maintained on chronic diuretic therapy [32]. More than 85% of patients had
mild NYHA class I or II symptoms, and all patients had left ventricular ejection fractions
below 40%. Ejection fraction rose by 4.1% in the digoxin group vs. 1.3% in the placebo
group (p� 0.05), and a nonsignificant improvement in exercise duration was observed.
Importantly, there were eight hospitalizations for decompensated heart failure among di-
goxin-treated patients, compared with 19 for those who received placebo.

The Prospective Randomized Study of Ventricular Function and Efficacy of Digoxin
(PROVED) and Randomized Assessment of Digoxin on Inhibitors of Angiotensin Convert-
ing Enzyme (RADIANCE) examined the outcome of digoxin withdrawal in patients with
stable mild to moderate heart failure (NYHA functional class II or III), and systolic dys-
function (LVEF � 35%), [33,34]. These studies were double-blind and target digoxin
levels during the baseline run-in phase averaged 0.9 to 2.0 ng/ml. Following digoxin
withdrawal, 40% of patients demonstrated worsening of heart failure symptoms (defined
as increased diuretic requirement, need for emergency room visit, or hospital treatment)
(Fig. 7). Treadmill exercise tolerance and quality of life measures also worsened (Fig. 8).
Selection bias may have resulted, however, from the study design that included patients
who had been successfully maintained on digoxin and, therefore, may have been responders
to this form of therapy [28]. When the results from the PROVED and RADIANCE trials
are combined, patients who continue digoxin as part of triple therapy with a diuretic and
ACE inhibitor were less likely to develop worsening heart failure (4.7%) compared with
those treated with a diuretic alone (39%, p� 0.001), or a diuretic plus digoxin (19%,
p�0.009) [35] (Fig. 9). Although there are no clinical trials that have specifically examined
the digoxin efficacy in patients with NYHA class IV symptoms, there is evidence that
the agent works across the spectrum of left ventricular systolic dysfunction. A prespecified
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Figure 7 Kaplan-Meier plot analysis of the cumulative probability of worsening heart failure
in patients continuing digoxin compared with those switched to placebo. (From Ref. 34.)

subgroup analysis of patients enrolled in the Digitalis Investigation Group (DIG) Trial,
with evidence of severe heart failure (LVEF � 25% or cardiothoracic ratio � 0.55) showed
significant benefit of digoxin [22]. Reductions in the combined endpoint of all-cause
mortality or hospitalization were observed for digoxin compared to placebo that included:
16% reduction (95% CI, 7% to 24%) in patients with LVEF less than 25% and 15%
reduction (95% CI, 6% to 23%) in patients with cardiothoracic ratio greater than 0.55
[32].

Effects on Mortality

The Digitalis Investigator’s Group (DIG) Trial addressed the effect of digoxin on survival
in over 6500 patients with mild to moderate heart failure. Importantly, the majority of

Figure 8 Median changes in maximal duration of exercise after 2 to 12 weeks in patients
who continued digoxin compared with those randomized to placebo. Changes were as-
sessed during treadmill testing using a modified Naughton protocol. (From Ref. 34.)
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Figure 9 Likelihood of deterioration in heart failure (HF) status in four treatment groups.
Patients receiving triple therapy were less likely to experience treatment failure compared
with any of the other three groups. Triple: digoxin, ACE inhibitor, and diuretic; Dig plus Diur:
digoxin and diuretic; ACEI plus Diur: angiotensin-converting enzyme inhibitor and diuretic;
Diur: diuretic alone. (From Ref. 35.)

patients had not been previously receiving digoxin prior to trial randomization. Baseline
characteristics did not differ significantly between digoxin and placebo groups, particularly
demographics, heart failure etiology, baseline ejection fraction, percent use of ACE inhibi-
tors, nitrates, or diuretics. At a mean follow-up of 37 months, no differences were noted
in all-cause or cardiovascular mortality [36] (Fig. 10). There was a nonsignificant trend

Figure 10 Long-term mortality for the digoxin and placebo treatment groups in the Digitalis
Investigation Group (DIG) trial. The number of patients at risk at each 4-month interval is
shown below the figure. (From Ref. 36.)



Dec254

toward reduction in deaths from heart failure, with a relative risk ratio of 0.88 (95% CI,
0.77–1.01). However, substantially fewer patients who received digoxin were hospitalized
for worsening heart failure (26.8% vs. 34.7%; risk ratio, 0.72; 95% CI, 0.66–0.79;
p�0.001) [36] (Fig. 11). As in earlier smaller studies, the reduction in relative risk for
adverse events was greatest among patients with more advanced heart failure symptoms,
particularly those whose left ventricular ejection fractions were below 25% at study entry
[36]. One cautionary note has arisen since publication of this trial. Retrospective subgroup
analysis has suggested an increased risk of all-cause mortality among women who received
digoxin during the DIG Trial [37]. It has been speculated that this increased risk may
have been related to higher mean digoxin levels among women compared to men. Whether
this represents a true increased risk or simply an aberrant finding during post-hoc analysis
remains uncertain. Nonetheless, digoxin dosing should be carefully monitored among
women during initiation of the drug.

Digoxin Dosing

Digoxin is excreted predominantly by the kidney, and its clearance is closely related to
creatinine clearance. A patient with normal renal function excretes approximately 37% of
the digoxin that has been administered; maintenance therapy should replace this amount
each day. The blood level of digoxin plateaus at approximately 7 days after initiation of
therapy. Poor renal perfusion, as indicated by an elevated BUN, small lean body mass,
or elderly patients are at greater risk for developing toxic digoxin levels if a standard
maintenance dose is utilized. In addition, a number of commonly used drugs, including
quinidine, verapamil, flecainide, propafenone, spironolactone, and amiodarone will signifi-
cantly increase serum digoxin levels.

Recent data suggests that the target dose of digoxin should be lower than traditionally
assumed. Although higher doses may be necessary for maximum hemodynamic improve-
ment, beneficial neurohormonal and functional effects appear to be achieved at a relatively

Figure 11 Incidence of death or hospitalization for worsening heart failure for the digoxin
and placebo treatment groups in the Digitalis Investigation Group (DIG) trial. The number
of patients at risk at each 4-month interval is shown below the figure. (From Ref. 36.)
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low serum digoxin concentration, typically that associated with a dose of 0.125–0.25 mg
daily [34,35,37]. In particular, the serum digoxin concentration achieved in the RADI-
ANCE Trial was 1.2 ng/mL and in the DIG Trial it was 0.8 ng/dL [34,36]. For patients
with normal renal function, dosage of digoxin of 0.25 mg per day is appropriate [22]. For
patients with reduced renal function, the elderly, those small in stature, or those with
substantial conduction defects on ECG, the initial starting dose should be 0.125 mg daily,
and can be uptitrated as necessary to achieve a trough level less than 1.0 ng/dL.

Consensus Guidelines on Digoxin Use

Consensus guidelines from the Heart Failure Society of America and the American College
of Cardiology/ American Heart Association provide the following recommendations on
digoxin administration [22,39]:

1. Digoxin should be considered for outpatient treatment of all patients who have
persistent heart failure symptoms (NYHA class III to IV) despite standard phar-
macologic therapy with diuretics, an ACE inhibitor, and a beta-blocker, when
the heart failure is caused by systolic dysfunction (strength of evidence: A for
NYHA class II–III; C for NYHA class IV).

2. Digoxin should not be used for primary treatment of acutely decompensated
heart failure (strength of evidence: B), rather it should be initiated prior to
discharge as part of a long-term maintenance program.

3. Digoxin should not be administered to patients who have significant sinus or
atrial ventricular block, unless the block has been treated with a permanent
pacemaker (strength of evidence: B). Further, it should be used cautiously among
patients who are receiving other agents known to depress sinus or atrioventricu-
lar nodal function (such as amiodarone or beta-blocker) (strength of evidence:
B).

4. The dosage of digoxin should be 0.125 to 0.25 mg daily in the majority of
patients (strength of evidence: C).

5. Serial assessment of serum digoxin levels is unnecessary in most patients. Levels
should be reassessed if renal function deteriorates or drug-drug interactions are
suspected.

6. Higher doses of digoxin (� 0.25 mg daily) are not indicated for purposes of
rate control among patients with heart failure and rapid atrial fibrillation. When
necessary, additional rate control should be achieved by addition of a beta-
blocker or amiodarone (strength of evidence: C). If amiodarone is added, the
dose of digoxin should be reduced.
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Conventional Therapy of Chronic Heart
Failure: Beta-Adrenergic Blockers

G. William Dec
Heart Failure and Transplantation Unit, Massachusetts General Hospital
Boston, Massachusetts, USA

The failing human heart is adrenergically activated, which helps to maintain cardiac perfor-
mance during the short-term through increased contractility and heart rate [1,2]. In contrast,
there is no adrenergic support present in the normally functioning human left ventricle
[3]. A variety of studies indicate that it is the increased cardiac adrenergic tone, rather
than an increased circulating plasma norepinephrine level that is ultimately detrimental
to the failing human myocardium [1,4,5].

In the failing heart, beta-adrenergic signal transduction is reduced, secondary to
desensitization of both the �1 and �2 receptors, to increases in the inhibitory G protein
(Gi), an enzyme responsible for modulating receptor activity by phosphoroiyization of
�–adrenergic receptor kinase (BARK), and to changes in expression of adenyl cyclase
activity itself [6]. In end-stage heart failure, 50% to 60% of the total signal transducing
potential of the myocardium is lost; nonetheless, substantial signaling capacity remains
present [6] (Chapter 5) Data from experimental models suggest that the beta-adrenergic
receptor pathway desensitization in the failing heart represents adaptive changes, and
that potentially effective therapy might add to this endogenous antiadrenergic strategy by
inhibiting receptor signal transduction [1,8–10]. Thus, the continuously increased adrener-
gic drive present in chronic heart failures delivers adverse biological signals to the cardiac
myocytes via �1, �2, and �1-adrenergic receptors. Beta blocker therapy helps to partially
restore the efficacy of this all important adrenergic signaling pathway. Long-term therapy
results in improvement in cellular, hemodynamic, and clinical parameters.

BENEFICIAL EFFECTS OF BETA ADRENERGIC BLOCKERS

The long-term effects of beta blockade on myocardial function are diametrically opposite
to their short-term negative inotropic effects [2,11]. Tables 1 and 2 summarize potential
cellular and hemodynamic beneficial effects of these agents. Virtually every placebo-
controlled clinical trial of greater than 3 months treatment duration has demonstrated
improvement in systolic function despite initial short-term negative hemodynamic effects
[11]. Improvement in ventricular ejection fraction has been one of the most consistent

259
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Table 1 Potential Beneficial Cellular Effects of �-adrenergic
Blocker Therapy in Heart Failure

Upregulation of �1-receptors
Correction of Gs and Gi abnormalities
Protection against cytosolic calcium overload
Shift in metabolic substrate utilization from fatty acids to glucose
Decrease in renin release
Prevention of myocyte hypertrophy
Antioxidant effects
Decrease in apoptosis
Antiarrhythmic effects

long-term effects of these agents, seen with both cardioselective and nonselective agents
(see following text). Although an initial drop in LVEF (left ventricular ejection fraction)
is observed at the start of treatment with beta blockers due to acute effects on inotropic
and chronotropic function, a clinically significant rise in ejection fraction (generally 5 to
8 EF units) is consistently observed during long-term treatment (Fig. 1). The observed
rise in ejection fraction has been shown to be dose-related in at least some studies [12]
(Fig. 2).

Treatment with beta blockers generally leads to improvement in heart failure symp-
toms, as manifested by a decrease in NYHA (New York Heart Association) functional
class and Minnesota Living with Heart Failure scores [11]. As with ejection fraction, there
is frequently an initial worsening of symptoms before the more sustained beneficial effects
become apparent. It is for this reason that the recommended strategy for initiation of these
agents is to begin at the lowest effective dose, and then slowly uptitrate the dose as
tolerated.

Exercise Tolerance

It is logical to assume that improvements in ejection fractions in heart failure patients
would lead to improvement in exercise capacity as well. Interestingly, data from a variety
of clinical trials suggest only modest favorable results for cardioselective agents, in contrast
to predominantly neutral effects for the nonselective beta blockers. The likely explanation
for this apparent paradox is the blunted maximum heart rate response during exercise
under the influence of full beta-adrenergic blockade. This effect may offset the favorable
hemodynamic improvements achieved by enhanced contractility.

Ventricular Remodeling

By preventing excessive adrenergic exposure, beta blockers retard the effects of norepi-
nephrine on myocardial necrosis and apoptosis, alter genetic expression, and promote

Table 2 Potential Hemodynamic Benefits of
Chronic �-adrenergic Blockade in Heart Failure

Alterations in loading conditions of the ventricles
Negative chronotropic effects
Improved myocardial contractility
Improved lusitropy
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Figure 1 Time course of changes in left ventricular function during beta-blocker therapy.
A transient fall in ejection fraction was observed on day 1 of treatment with metoprolol but
was not observed in the control group. Ejection fraction had risen by month 3 in the metopro-
lol group. BSLN, baseline measurement; M, month. (From Ref. 12.)

reverse ventricular remodeling. Treatment for 4 to 12 months has been shown to favorably
affect left ventricular mass and geometry [11,13]. Hall and colleagues have convincingly
shown regression of left ventricular hypertrophy, a decrease in left ventricular mass, and
partial restoration of the elliptical ventricular shape, as quantified by an increased sphericity
index [13] (Fig. 3). These time-dependent biological effects of beta blockers are class
effects and are observed after treatment with both second- and third-generation compounds
(see following text) [1]. Reverse remodeling and the effects on systolic function are unique
to beta blocker therapy. Although inhibitors of the renin angiotensin system can attenuate

Figure 2 Dose-related changes in left ventricular ejection fraction during treatment with
carvedilol. LVEF, left ventricular ejection fraction. (From Ref. 11.)
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Figure 3 Time course for changes in left ventricular mass and sphericity during beta-
blocker therapy. A fall in left ventricular mass was evident at 18 months of treatment with
metoprolol; no such change was observed for the control group (data not shown). Likewise,
an improvement in left ventricular sphericity was evident at 18 months of metoprolol therapy
but was not seen for the control population (data not shown). LV, left ventricular; Mo, months.
(From Ref. 12.)

the remodeling process, these agents do not typically reverse it and do not produce improve-
ments in intrinsic systolic function [1,13,14].

DRUG CLASSES OF BETA BLOCKERS: ARE THESE DRUGS
INTERCHANGEABLE?

There are now three distinct classes of beta blockers available for clinical use (Table
3). Propranolol is the prototype nonselective agent, introduced into clinical use in 1968.
Propranolol and other ‘‘first-generation’’ compounds, such as timolol, are nonselective
agents with equal affinity for blocking the �1 and �2 receptors; they have no pharmacologic
properties beyond beta-adrenergic blockade [1]. Second-generation agents, particularly
metoprolol and bisoprolol, are ‘‘cardioselective’’ compounds that block the �1 receptor
to a much greater extent than the �2 receptor. Metoprolol is approximately 75-fold more
selective for �1 vs. �2 receptors [1]. Bisoprolol is 120-fold more selective for �1 receptors
than �2 receptors. Third-generation compounds, principally labetalol, carvedilol, and buci-
ndolol, block both the �1 and �2 receptors with almost equal affinity [1]. These agents
also have ancillary effects, including �1 blockade (labetalol and carvedilol), antioxidant

Table 3 Antiadrenergic Profile of the Commonly Used �-Blockers

Receptor Blocked

Generation Compound �1 �2 �1

First/Nonselective Propranolol, timolol � � �
Second/Cardioselective Metoprolol ��� � �

Bisoprolol ��� � �
Third/�-blocker-Vasodilator Carvedilol ��� �� �

Bucindolol ��� �� �
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properties (carvedilol), and intrinsic sympathomimetic (ISA) (bucindolol) activity. Labeta-
lol has been studied extensively in hypertensive heart disease, but has not been prospec-
tively validated for use in heart failure populations. Carvedilol is a slightly �1 selective
agent (approximately 7-fold) that becomes nonselective at higher target doses [1]. Carvedi-
lol has a 2- to 3-fold selectivity for �1 vs. �1 receptors. This degree of �1 blockade is
responsible for its moderate vasodilator properties. Third-generation compounds provide
more comprehensive antiadrenergic effects than do first or second degeneration drugs
[15].

Effects on Mortality

The most persuasive outcome measure in heart failure therapy remains all-cause mortality.
Combined clinical endpoints, including mortality or hospitalization, or mortality and hospi-
talization for heart failure, have also emerged as key measures. These latter combined
endpoints represent a more comprehensive assessment of the influence of therapy on
disease progression, and are assuming more importance as mortality rates decline with
treatment. A substantial beneficial effect of beta blocker therapy on both mortality and
combined endpoints has been demonstrated in randomized clinical trials of patients with
NYHA class II to IV symptoms who received treatment with metoprolol controlled
release/extended release (CR/XL), bisoprolol, and carvedilol. Large-scale, well-designed
clinical trials with these agents represent the combined worldwide experience with beta
blocker therapy in patients with chronic heart failure, and were generally performed on
stable patients receiving background therapy that included ACE inhibitors (�90%) and
diuretics (�90%) [16].

Metoprolol

The first placebo-controlled multicenter trial with a beta blocker was the Metoprolol and
Dilated Cardiomyopathy (MDC) trial that compared metoprolol tartrate to placebo in 383
patients with heart failure due to idiopathic dilated cardiomyopathy [17]. All patients had
NYHA class II–III symptoms, and left ventricular ejection fractions below 40%. The trial
was powered based on an expected 50% reduction by metoprolol on the combined endpoint
of all-cause mortality and clinical deterioration requiring listing for cardiac transplantation.
Metoprolol (mean dose: 108 mg daily) reduced the primary composite endpoint by 34%,
a finding of marginal significance (p � 0.058) [17]. The benefit was entirely due to a
reduction by metoprolol in the morbidity endpoint. In fact, the absolute number of deaths
in the metoprolol group was slightly higher than that observed in the placebo group (23
vs. 19, p � 0.69) [17]. Importantly, metoprolol did improve ventricular function, quality
of life, decreased hospitalizations, and improved exercise tolerance at 12 months [17].
These results were viewed as nondefinitive but quite promising, and led to the organization
of large scale clinical trials.

The Metoprolol CR/XL Randomized Intervention Trial in Congestive Heart Failure
(MERIT-HF) was the first large-scale, randomized, placebo-controlled beta-blocker mor-
tality trial. The trial included 3991 patients with NYHA functional class II–IV heart failure;
96% of study patients were functional class II or III [18]. Both ischemic and nonischemic
heart failure etiologies were included. The average dose of metoprolol achieved in the
MERIT-HF trial was larger than in MDC (159 mg vs. 108 mg daily). The study was
prematurely discontinued by the Data Safety Monitoring Board when interim analysis
revealed a 34% reduction in mortality in the metoprolol group (relative risk of 0.66; 95%
confidence interval, 0.53 to 0.81, p � 0.006) (Fig. 4). Significantly, mortality resulting
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Figure 4 Kaplan-Meier analysis of all-cause mortality for patients enrolled in the MERIT-
HT trial. (From Ref. 17.)

from either sudden death or progressive heart failure was reduced (Fig. 5) [18]. Further,
the mortality reductions were observed across most demographic groups, including older
vs. younger patients, nonischemic vs. ischemic etiologies for heart failure, and lower vs.
higher ejection fractions [18]. However, there was almost no mortality reduction in the
relatively small number of female patients enrolled (23% of the total trial population),
suggesting that sex may influence response to beta blocker therapy in heart failure popula-
tions.

Bisoprolol

Two clinical trials have been performed using this �1 selective agent (Table 4). The Cardiac
Insufficiency Bisoprolol Study (CIBIS-I) randomized 641 patients with left ventricular

Figure 5 Relative risk ratios (and 95% confidence limits [CI] for total mortality, cardiovascu-
lar mortality, sudden death, and worsening heart failure for patients enrolled in the MERIT-
HF trial. (From Ref. 17.)
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systolic dysfunction and NYHA class III to IV symptoms [19]. The primary endpoint was
all-cause mortality. Bisoprolol was initially dosed at 1.25 mg daily and was increased to
a maximum of 5 mg daily. The trial was powered based on an unrealistically high expected
event rate in the control group, and demonstrated a significantly insignificant 20% mortal-
ity reduction [1,19]. The risk of hospitalization was significantly reduced by 34% (28%
placebo group vs. 19% bisoprolol group, p � 0.01) [19].

The favorable trends observed in the initial CIBIS-I trial led investigators to under-
take the larger CIBIS-II Study. CIBIS-II enrolled 2647 patients with NYHA class III or
IV heart failure symptoms [20]. Both ischemic and nonischemic heart failure etiologies
were included with a median follow-up of 1.3 years. The trial was terminated prematurely
by the Data Safety Monitoring Committee. Treatment with bisoprolol reduced annual
mortality by 34% (13.2% placebo vs. 8.8% bisoprolol; hazard ratio 0.66; 95% competence
interval 0.54 to 0.81, p � 0.001) [20]. Hospitalizations for worsening heart failure were
also decreased by 32%. Although both trials started with the same initial dose of bisoprolol
(1.25 mg daily), CIBIS-II aimed for a higher target dose of 10 mg daily. Post-hoc analysis
from CIBIS-I had suggested benefit might be greater in patients with nonischemic cardio-
myopathy; this finding was not confirmed in the larger CIBIS-II trial [20].

Carvedilol

Carvedilol, a nonselective third-generation beta blocker and alpha blocker, has been exten-
sively studied for heart failure therapy. Four separate study populations were examined
and the data from 1094 patients were combined to evaluate the effect of carvedilol on
disease progression [21]. Clinical progression was defined as worsening heart failure lead-
ing to death, hospitalization, or in one study, a sustained increase in background medica-
tions [21]. The patients included had left ejection fractions of 35% or less, NYHA class
II to IV symptoms, and had tolerated a 6.25 mg b.i.d. run-in open label 2-week treatment
period. The target doses for the studies ranged from 50 to 100 mg daily. Patients completing
the run-in phase were randomized, based on the results of a 6-minute walk test into mild,
moderate, or severe trials. The overall trial was prematurely terminated (mean follow-up:
6.5 months), by the Data Safety Monitoring Board, based on a reduction in mortality
across the four combined trials for patients treated with carvedilol [21].

The combined trials demonstrated an all-cause mortality risk reduction of 65% com-
pared with placebo (p � 0.0001) [21,22]. Further, the combined risk of hospitalization or
death was also reduced by 38% (20% for placebo vs. 14% for carvedilol; (p � 0.001)
[21] (Table 4, Fig. 6). Two component trials, the MOCHA [23] and PRECISE [24] trials
were completed before the entire program was stopped; however, the mild [25] and severe
[26] trials were terminated prematurely. Although neither MOCHA or PRECISE demon-
strated an improvement in their primary endpoint of submaximal exercise capacity, both
found that carvedilol reduced the risk of the combined endpoint of mortality or heart
failure hospitalizations by 39% to 49% [23,24]. The MOCHA Study provided strong
evidence for increased benefit from higher doses (25 mg b.i.d.) vs. lower doses (6.25 mg
b.i.d.) of carvedilol; thus, uptitration of the drug to 25 mg b.i.d. is generally recommended.
Nonetheless, favorable effects were noted even at the 6.25 mg b.i.d. dose. The MOCHA
trial did demonstrate a highly significant, dose-dependent reduction in all-cause mortality
of 73% [23]. The mild trial demonstrated a significant reduction in the primary combined
endpoint of total mortality, cardiovascular hospitalizations, or increasing heart failure med-
ications [25].
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Figure 6 Kaplan-Meier analysis of survival among patients with chronic heart failure in
the placebo and carvedilol treatment groups. (From Ref. 21.)

The Australia-New Zealand carvedilol trial enrolled 415 patients with ischemic car-
diomyopathy and left ventricular ejection fractions of less than 45% [27]. The majority
of patients enrolled were NYHA class I (30%) or II (54%) during an average follow-
up of 19 months, Carvedilol reduced the combined risk of all-cause mortality or any
hospitalization by 26% (relative risk 0.74; 95% confidence interval 0.57 to 0.95, p �
0.02). Based upon the United States carvedilol trials and the Australian-New Zealand trial,
the Food and Drug Administration (FDA) approved carvedilol for heart failure treatment
in 1997. Its indications were for delaying the progression of myocardial disease and lower-
ing the combined risk of morbidity and mortality.

The mortality benefits of beta blocker therapy in patients with advanced (NYHA
class IV) heart failure symptoms has only recently been established. Prior trials have
generally included only a small minority of patients with advanced heart failure [22] (Table
5). The Carvedilol Prospective Randomized Cumulative Survival (COPERNICUS) trial
randomized 2289 patients with heart failure symptoms at rest or on minimal exertion, and
an ejection fraction below 25% to treatment with either carvedilol or placebo, in addition
to conventional therapy, including diuretics and ACE inhibitors [28]. Carvedilol therapy
reduced all-cause mortality by 35% (Fig. 6). In addition, carvedilol reduced the combined

Table 5 Frequency of Beta-Adrenergic Blocker
Use in Patients with NYHA Class IV Heart
Failure Symptoms Enrolled in Clinical Trials

Trial % Enrolled

U.S. Carvedilol Program 3%
MERIT-HF 4%
CIBIS II 16%
BEST 8%
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Figure 7 Kaplan-Meier analysis of time to death in the placebo and carvedilol treatment
groups. (From Ref. 28)

risk of death or hospitalization for cardiovascular causes by 27% (p � 0.001), and the
combined risk of death or hospitalization for heart failure by 31% (p � 0.001) [29].
Further, patients who received carvedilol treatment spent 40% fewer days in the hospital
for heart failure decompensation (p � 0.001) [29]. This key study validated the use of
beta blocker therapy for patients with severe heart failure, provided they are euvolemic
at the time of instituting treatment.

Bucindolol

Bucindolol is a third-generation nonselective beta blocker with ISA properties. The Beta
Blocker Evaluation of Survival Trial (BEST) randomized 2708 patients with advanced
heart failure (class III and IV) to placebo or bucindolol (Table 4) [30]. Bucindolol produced
a nonsignificant 10% reduction in total mortality (p � 0.10) and a favorable reduction
in most secondary endpoints [30] (Fig. 8). Retrospective analysis of the BEST trial indi-
cated that the majority of the study population (non-black patients with NYHA class III
symptoms) experienced a mortality reduction consistent with results of other major beta
blocker trials in similar populations [30]. The overall efficacy was statistically insignifi-
cant, as mortality reductions were not observed among patients with NYHA class IV
symptoms or blacks in this trial. Whether the lack of overall mortality benefit was due to
the population demographics or the effect of the drug’s intrinsic sympathomimetic activity
is uncertain.

BETA BLOCKER USE IN SPECIAL POPULATIONS

The vast majority of patients enrolled in heart failure clinical trials have been Caucasian
males with ischemic heart disease. Although the benefit of beta blockers have been demon-
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Figure 8 Survival among patients with chronic heart failure randomized to receive either
placebo or bucindolol treatment. (From Ref. 30.)

strated to be robust regardless of disease etiology, less clear evidence exists for the benefits
of these agents among women and minorities (Chapter 20). Recently, Ghali and colleagues
performed a retrospective analysis of female patients enrolled in the MERIT-HF trial [31].
Women comprised 22.5% of patients included in the study. Treatment with Metoprolol
CR/XL resulted in a 21% reduction in the primary combined endpoint of all-cause mortality
and hospitalizations (p � 0.04) [31]. Further, the number of cardiovascular hospitalizations
was reduced by 29% and hospitalizations for heart failure was reduced by 42%. Shekelle
and colleagues recently performed a meta-analysis that included the effects of gender on
response to beta blocker therapy in major clinical trials [32]. Pooling data from CIBIS-
II, U.S. Carvedilol trials, MERIT-HF, and COPERNICUS yielded a total of 2134 female
patients enrolled in these trials. The relative risk reduction for females receiving beta
blockers averaged 0.63 (95% confidence interval 0.44 to 0.91). These findings were vir-
tually identical to the results seen in males randomized in these trials who experienced a
risk reduction of 0.66 (95% confidence interval 0.59 to 0.75) [32]. Thus, the effectiveness
of beta blockers appears unequivocal among females with moderate to advanced heart
failure symptoms.

The lack of efficacy of bucindolol among black heart failure patients has raised the
question of whether differences in racial background may influence the response to specific
agents. Shekelle and colleagues examined this issue by pooling data from the MERIT-
HF, U.S. Carvedilol, COPERNICUS and BEST trials [32]. In aggregate, the four studies
included 1172 blacks and more than 8000 white heart failure patients. The risk reduction
among black patients was only 0.97 (95% confidence interval 0.68 to 1.37), whereas for
white patients, it was 0.69 (95% confidence interval 0.55 to 0.85) (Fig. 9) [32]. However,
when the results from the BEST trial were excluded from ad-hoc analysis, the risk reduction
on mortality for black patients was 0.67 (95% confidence interval 0.38 to 1.16), similar
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Figure 9 Effect of beta-blockers on mortality in patients with heart failure. For each study,
the size of the box is proportional to the sample size, and the lines denote the 95% confidence
interval. For the combined results, the ends of the diamond shape denotes the 95% confi-
dence interval. (From Ref. 32.)
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Figure 10 All-cause mortality for patients enrolled in the Carvedilol or Metoprolol European
Trial (COMET) by type of beta-blocker. (From Ref. 43.)

to that observed for non-black patients. The authors of this meta-analysis conclude that
black patients may experience the same risk reduction as white patients when treated with
currently approved beta blockers–bisoprolol, metoprolol, or carvedilol. However, other
investigators remain less convinced.

Recent data on differences in genetic polymorphisms in �- and �-adrenergic recep-
tors among races may have clinical relevance to therapeutic response to beta blockade.
Small and colleagues recently reported that a double adrenergic receptor polymorphism,
specifically an �2c deletion-loss of function genotype (�2c del 322 to 325), combined with
a high functioning �1 receptor genotype (�1 Arg 389), conferred a 10-fold increased risk
for the development of heart failure [33]. Importantly, this �2c polymorphism is enriched
in black populations and may provide a partial explanation for the poorer cardiac function
and prognosis observed among black heart failure patients [33]. It is conceivable that the
�2c polymorphism may have predisposed black patients who received bucindolol to the
adverse effects of enhanced sympatholysis [34]. Recent data from McNamara and col-
leagues also confirm pharmacogenetic interactions between beta blocker therapy and poly-
morphisms in the angiotensin converting enzyme (ACE) gene among heart failure recipi-
ents (Chapter 7) [35]. Ultimately, more precise pharmacogenetic profiling may be used
to predict response to specific beta-blocking agents; this more careful profiling should
allow selection of the optimum drug based on age, gender, and racial background.

CLINICAL CONSIDERATIONS IN SELECTION OF A SPECIFIC BETA
BLOCKER

Given the beneficial effects of metoprolol, bisoprolol, and carvedilol, clinicians are often
confronted with selecting the most appropriate beta blocker for their patients. A variety
of small physiological studies have compared the hemodynamic and clinical effects of
metoprolol to carvedilol [36–42]. Similar comparative studies have not been performed
for bisoprolol. Both drugs improve NYHA functional class, decreased heart rate, and
improved submaximal exercise capacity [37–40]. Studies by DiLenarda and colleagues
and a recent meta-analysis by Packer and colleagues demonstrated that carvedilol produces
greater increases in left ventricular ejection fraction than metoprolol [36,40]. Conversely,
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some, but not all, studies show that metoprolol improves maximum exercise capacity to
a greater degree than carvedilol [38–40]. It is postulated that these differences may be
partially explained by carvedilol’s ability to improve postreceptor events, most notably
by downregulation of BARK, which leads to presensitization of the beta receptors. The
Carvedilol Or Metoprolol European Trial (COMET) was the first large-scale study to
directly compare the effects of carvedilol to metoprolol on mortality and morbidity in
patients with mild to severe heart failure [43]. This multicenter, double-blind study enrolled
3029 patients with chronic heart failure (NYHA class II to IV) and ejection fractions
below 35%, who were receiving optimal therapy with diuretics and an angiotensin-convert-
ing enzyme inhibitor (unless not tolerated). The mean study duration was quite long at 58
months. The all-cause mortality was 34% for carvedilol compared with 40% for metoprolol
(hazard ratio 0.83) (95% confidence interval 0.74 to 0.93, p � 0.0017) [43] (Fig. 9).
However, the composite endpoint of mortality or all-cause hospitalizations did not differ
between treatment groups (74% for carvedilol, 76% for metoprolol, p � 0.122). Likewise,
the incidence of side effects and drug withdrawals did not differ between treatment groups.
Although this pivotal trial suggests that nonselective third-generation beta blockers may
be preferable to �1 elective agents such as metoprolol, several methodological questions
have been raised about this conclusion [44]. One key question is whether the doses of the
two agents were equivalent. The drug dosing in COMET aimed for a comparable reduction
in resting heart rate between the two groups. While the resting heart rate reduction for
patients who receive carvedilol was 13 beats per minute (identical to that achieved in the
U.S. Carvedilol trials), the heart rate reduction in the metoprolol group was 11.7 beats
per minute (compared to 15 beats per minute in the MDC trial) [17,44]. Further, the
preparation used in MERIT-HF was metoprolol succinate in a controlled release/extended
release formula (Metoprolol CR/XL). In that study, the target dose was 200 mg daily, the
mean dose actually taken was equivalent to approximately 106 mg of metoprolol tartrate
[18]. Thus, the specific drug formulation, the lower achieved average daily dose, and the
more modest effects on resting heart rate confound comparison of the two drugs. Hence,
it is difficult to be sure that in COMET, metoprolol exerted a similar degree of �1 blockade
to carvedilol. Nonetheless, it is hard to argue that carvedilol was not found to be superior
to metoprolol in the COMET trial despite these methodological concerns. At present,
clinicians should consider initiating carvedilol as first-line therapy, given its broader antiad-
renergic effects. For patients with marginal blood pressure in whom � blockade may be
deleterious, metoprolol XL/CR should be the drug of choice.

UNANSWERED QUESTIONS REGARDING BETA BLOCKER
ADMINISTRATION

Asymptomatic Left Ventricular Dysfunction

Data from the SOLVD Prevention trial demonstrated the efficacy of ACE inhibitor therapy
in delaying the onset of heart failure symptoms and the need for treatment or hospitalization
for heart failure in asymptomatic patients with left ventricular dysfunction (LVEF � 35%).
Unfortunately, similar controlled trial data supporting the use of beta blocker treatment
for asymptomatic left ventricular dysfunction are lacking. Significant support can be in-
ferred from clinical trials in coronary artery disease and hypertension. Previous data indi-
cate that beta blocker therapy should be used in patients after myocardial infarction, and in
patients with myocardial revascularization who have residual left ventricular dysfunction.
Given the impressive ability of beta blockers to retard disease progression and improve
ventricular function in patients with symptomatic disease, the current Heart Failure Society
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of America Practice Guidelines indicate that beta blocker therapy should be considered
for patients with left ventricular systolic dysfunction (LVEF � 40%) who are asymptom-
atic (NYHA class I), and are receiving ACE inhibitor therapy [45]. Likewise, the new
ACC/AHA Practice Guidelines also recommend the use of beta blockers in Stage B
(asymptomatic left ventricular dysfunction) [46].

Cardiac Pacemaker Implantation

Some physicians are now considering pacemaker implantation when symptomatic brady-
cardia or heart block prevents the initiation of beta blocker therapy. Consideration should
be given to withdrawal of other drugs that may have bradycardic effects (e.g., calcium
channel blockers or digoxin), so that beta blocker therapy may be started. Currently, no
data exist to support this therapeutic approach. Further, the role of ventricular pacing in
worsening cardiac dyssynchrony argues against a strategy that would promote predominant
ventricular pacing, rather than utilize the patient’s intrinsic ventricular activation sequence
when QRS duration is � 130 milliseconds. Beta blocker therapy should be considered
following initiation of biventricular pacing if clinically indicated.

Concomitant Use with Inotropic Therapy

The results of the COPERNICUS trial indicate that even patients with advanced (NYHA
class IV) heart failure benefit from chronic beta blocker therapy. Unfortunately, this group
often is unable to tolerate even the smallest doses during initial attempts at drug initiation.
Some investigators are now combining phosphodiesterase (PDE)-III inhibitors (particu-
larly enoximone or intravenous milrinone) with a beta blocker. Phosphodiesterase inhibi-
tors improve hemodynamics and can increase exercise performance; however, this en-
hanced inotropic effect often occurs at an increased risk of exacerbating myocardial
ischemia and promoting ventricular arrhythmias. Theoretically, beta blockers should be
able to cancel the ischemic and the arrhythmic properties of the PDE inhibitors and provide
synergistic benefits. Several small uncontrolled short-term studies suggest that this ap-
proach may be beneficial for patients with refractory heart failure [47,48]. A randomized
clinical trial is now evaluating the safety and efficacy of this combination therapy.

CONCLUSION

Beta-adrenergic receptor blockers remain the single most important addition to the pharma-
cologic management of heart failure during the past decade. Although advocated for use
since the mid-1970s, it is only during the past 5 years that they have become a standard
part of the recommended consensus practice guidelines. Current recommendations suggest
that beta blocker therapy should be routinely administered to clinically stable patients with
left ventricular systolic dysfunction (LVEF � 40%) and mild, moderate, or severe heart
failure symptoms who are on standard therapy, typically including ACE inhibitors, di-
uretics as needed to control fluid retention, and digoxin (class I, strength of evidence: A)
[46]. Most clinicians also advocate their use in asymptomatic left ventricular dysfunction.
Treatment should be initiated at very low doses and gradually uptitrated every 2 to 3
weeks as tolerated. Usual starting doses are 3.125 mg twice daily for carvedilol, or 6.25
mg twice daily for metoprolol. ‘‘Target’’ doses must be individualized. The most recent
ACC/AHA guidelines do not recommend specific doses or specific heart rate thresholds
as surrogates for the level of beta blockade [46]. However, it is recommended that efforts
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be made to achieve a dose that has been proven effective in major clinical trials (i.e.,
carvedilol 25 to 50 mg b.i.d., metoprolol succinate 200 mg daily or metoprolol tartrate
50 mg b.i.d.). When properly initiated, more than 90% of heart failure patients will be
able to tolerate this cornerstone of pharmacologic therapy.
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INTRODUCTION

Angiotensin receptor blockers (ARBs) are already established as an important class of
antihypertensive agent that alter blood pressure and clinical outcomes favorably [1]. These
agents have a good safety and tolerability profile making them easy to use and highly
acceptable to patients [2]. For instance, 9193 patients with hypertension and left ventricular
hypertrophy were randomized in the LIFE trial [1] to atenolol, a beta-1-selective blocker,
or losartan, an ARB. Losartan exerted a greater reduction in stroke, with a strong trend to
lower overall mortality. The effect in diabetics appeared especially favorable [3]. Whether
losartan would have proved as effective against other beta-blockers that have shown benefit
more consistently than atenolol [4] or against ACE inhibitors [5] is unclear. Also, despite
expectations, ACE inhibitors have not proved consistently superior to other agents in
reducing mortality and morbidity when used for the management of hypertension [6,7].

ARBs are also widely used in patients with heart failure. The purpose of this chapter
is to examine the clinically important potential and/or established roles of this class of
agent in such patients. Improving symptoms and quality of life, reducing morbidity and
disability, and prolonging life are the key markers of efficacy that will be reviewed. Safety
and tolerability are also of concern, but only if efficacy is proven first.

Important clinical questions include:

1. Are ARBs more effective than placebo in patients not taking an ACE inhibitor?
2. Are ARBs and ACE inhibitors more effective when used in combination rather

than as single agents?
3. Are ARBs as or more effective than an ACE inhibitor?
4. Are the benefits and side effects of ARBs dose related?
5. Are there clinically relevant differences between ARBs?
6. Are there important interactions between ARBs and other classes of drug used

in heart failure, (including aspirin, beta-blockers, and aldosterone antagonists)?

An important additional dimension to all of the above questions is whether or not the
patient has left ventricular systolic dysfunction (LVSD). Up to 50% of patients who are
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reported to have heart failure do not have LVSD [8,9]. However, heart failure without
LVSD cannot easily be equated with diastolic heart failure [10,11]. This group of patients
is likely to be diagnostically heterogeneous and include a substantial number of patients
who have been misdiagnosed and whose symptoms are not cardiac in origin [10]. It is
becoming clear that, overall, this group of patients has a lower mortality and probably a
lower morbidity than do patients with heart failure and LVSD. There is little evidence
that any treatment can alter the natural history of this condition, although treatment of
concomitant hypertension and atrial fibrillation may alter prognosis, and diuretics will
relieve edema and symptoms of fluid overload. ACE inhibitors are not, as yet, known to
be effective in this rather ill-defined group of patients [11,12]. If ARBs can show benefits
in this setting they could become the first treatment to be recommended for the management
of heart failure in patients with preserved left ventricular systolic function. If ARBs fail
to show an overall benefit in this broad category of patients, it will not preclude the
possibility that some types of heart failure with preserved left ventricular function, such
as those with long-axis systolic dysfunction [13] or diastolic heart failure due to impaired
myocardial relaxation might benefit.

Most of the evidence on which the clinical role of ARBs for the management of
patients with major cardiac dysfunction has been obtained from seven (ELITE, ELITE II,
RESOLVD, Val-HeFT, CHARM-Alternative, CHARM-Added and CHARM-Preserved)
major trials of heart failure [14–18] [19–23], two meta-analyses of smaller trials (one of
losartan [24] and the other of candesartan [25]) and two trials in the postinfarction setting
(OPTIMAAL [26,27] and VALIANT [28,29]). Altogether, more than 30,000 patients have
been included in these randomized controlled trials. A further trial investigating the role
of an ARB in patients with heart failure and preserved LVSD (I-PRESERVE) and another
comparing 50 mg vs. 150 mg of losartan (HEAL) will not report for some years. Undoubt-
edly, more trials will follow.

A brief report of the rationale for the use of ARBs in heart failure is followed by
a description of each of the main trials and the two-meta-analyses of small trials, and
finally by a discussion on how data from these trials can be applied to provide some
answers to clinically important questions. Other trials that help fill gaps in our knowledge
are mentioned briefly.

RATIONALE FOR THE USE OF ARBS IN HEART FAILURE

The organization of the RAAS (renin-angiotensin-aldosterone system) is outlined in Figure
1. Angiotensin-converting enzyme is responsible not only for the production of angiotensin
II (AII) but also the degradation of bradykinin [30,31]. Other possible substrates for ACE
include erythropoietin and the enkephalins.

Angiotensin II has numerous actions. The acute effects of AII include arterial and,
probably, venous constriction, reduced parasympathetic and increased sympathetic nervous
activity and, possibly, direct effects on the kidney resulting in salt and water retention
[32–38]. Chronic effects include cardiac and vascular remodeling and a potential role in
the genesis of atheroma [39,40].

Less is known about bradykinin because it is difficult to measure accurately, it
acts very close to its site of synthesis with little spill-over into the circulation, and
because pharmacologic tools for manipulating its actions on its receptor site have only
recently become available [30]. In general the actions of bradykinin are opposite to
those of AII and include vasodilatation, stimulation of nitric oxide and vasodilator
prostaglandin production, the latter being a potential mechanism for the interaction
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Figure 1 Activation pathways of the renin-angiotensin system in heart failure. ANP, atrial
natriuretic peptide; BNP, brain natriuretic peptide; Symp NS, sympathetic nervous system;
ACE-I, angiotensin-converting enzyme inhibitor; ARBs, angiotensin receptor blockers; NEP,
neutral endopeptidase; VPI, vasopeptidase inhibitor.

between ACE inhibitors and aspirin [30]. Bradykinin may also have favorable effects
on left ventricular remodeling, endothelial function, and the development of atheroma.
However, bradykinin has also been purported to activate the sympathetic nervous
system, a potentially undesirable effect [41], and may be responsible for ACE inhibitor-
induced cough and angioneurotic edema.

There are alternative pathways for the generation of AII. Chymase can convert
angiotensin I to II by an ACE independent pathway [42–44]. Whether it is present in
sufficient quantity to generate significant amounts of AII either systemically or at a local
(tissue) level in humans is uncertain. Chymotrypsin, angiotensin generating enzyme, and
cathepsin D are other pathways for AII production that are not blocked by ACE inhibitors.

The current principal classification of angiotensin receptors in humans is into AT1

and AT2 receptors but it is likely that the number of receptor subtypes described will
increase. AT1 receptors are widely distributed in the heart, on the luminal surface of the
vascular endothelium, noradrenergic nerve terminals, adrenal cortex, and kidneys [45,46].
AT2 receptor expression is high in fetal tissues and in healing wounds. In the human heart
the AT2 receptor predominates and the concentration is maintained or increased, compared
with that of AT1 receptors as CHF (chronic heart failure) develops [47–49].

The AT1 receptor appears responsible for the mediation of all the classic effects of
AII [42,43]. Stimulation of the AT2 receptor may cause vasodilatation and have antiprolif-
erative effects but may also stimulate apoptosis, which could have adverse effects on
cardiovascular remodeling [50,51]. Thus, the clinical effects of selective AT1 receptor
blockade could be superior, inferior, or identical to those of nonselective blockade AT
receptor blockade.
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WHY MIGHT THE EFFECTS OF ARBs AND ACE INHIBITORS DIFFER?

ACE ‘‘Breakthrough’’

Although acute administration of an ACE inhibitor reduces plasma AII to about the limit
of detection, plasma angiotensin II and aldosterone are often not suppressed after several
months of treatment [52,53]. Poor compliance might be responsible in some instances for
the apparent loss of ACE inhibition, but the problem appears too prevalent to be accounted
for by poor compliance alone [54]. ACE inhibition leads to an accumulation of the precur-
sor for AII, angiotensin I. Although 80% ACE inhibition may be enough to suppress AII
formation at normal levels of angiotensin I, much more intense inhibition may be required
in the presence of increased substrate. Small doses (e.g., 5 mg of enalapril or lisinopril)
of an ACE inhibitor may be adequate to suppress AII initially, but much larger doses
(e.g., 35 mg lisinopril or 40 mg of enalapril) may be required for long-term inhibition.
Increasing levels of angiotensin I may also be converted to AII through ACE independent
pathways and, therefore, even intense ACE inhibition may not be adequate to suppress
AII production in the long-term [42–44]. ARBs block the downstream effects of AII and,
therefore, it does not matter which route generates AII.

AT2 Receptor Stimulation

Activation of the RAAS is normally limited by negative feedback of AII on the AT1

receptor. ARBs block the AT1 receptor and, therefore, release the RAAS from negative
feedback. Accordingly plasma concentrations of AII rise and consequently stimulation of
the unblocked AT2 receptor may increase. Therefore, unlike ACE inhibitors, ARBs may
increase stimulation of the AT2 receptor, which may, or may not, be beneficial (see previ-
ous text).

Bradykinin-Prostaglandin and Other Pathways

ACE inhibitors, unlike ARBs, increase bradykinin [30] and hence, nitric oxide and vasodi-
lator and antiaggregatory prostaglandins. This could confer additional vasodilator, anti-
thrombotic, and antiatherogenic effects on ACE inhibitors as well as having favorable
effects on cardiovascular remodeling. Neutralization of the prostaglandin-mediated effects
of ACE inhibition could account for the adverse interaction between aspirin and ACE
inhibitors [55–61]. The lack of effect of ARBs on the bradykinin/prostaglandin pathway
suggests that they might not reduce vascular events, especially coronary events, as effec-
tively as ACE inhibitors. Although no adverse interaction between ARBs and aspirin
would be expected, this reflects the lack of a beneficial ancillary effect of ARBs on
prostaglandin metabolism.

ACE inhibitors may also inhibit other enzymes that could have beneficial (e.g.
neutral endopeptidase or matrix metalloproteinases) or possibly deleterious effects on
symptoms or cardiovascular remodeling.

Effects on Hematocrit

ACE inhibitors cause hematocrit to fall, either because of hemodilution or because of a
fall in red cell volume due to a decline in erythropoietin, an effect either mediated directly
or through an improvement in renal blood flow [38,62]. Hemodilution could reduce oxygen
uptake and transport, and detract from the benefits of ACE inhibitors on symptoms and
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functional capacity. However, reducing hematocrit could also reduce the risk of thrombotic
events. There are data to suggest that ARBs may also reduce hematocrit [63].

Electrophysiological and Autonomic Effects

Compared with captopril, losartan may exert a greater effect on progressive electrical
remodeling and QT dispersion [64]. However, ARBs (losartan 50 mg/day), unlike ACE
inhibitors [33,35,65] may not cause a beneficial increase in parasympathetic mediated
tone as assessed by heart rate variability [66]. This suggests that ACE inhibitors might
have a greater effect on arrhythmias, at least compared with modest doses of ARBs.

Uricosuric Effect

The apparently specific uricosuric effect of losartan [67,68] could do more than just protect
against gout. Plasma concentrations of uric acid may be a marker of oxidant stress [69]
that, in turn, may have adverse effects on cardiac and vascular function. Whether these
properties are shared by other ARBs is not clear as yet.

Tolerability

ARBs may be better tolerated than, at least, some ACE inhibitors [2]. Only if a drug is
taken can it be effective and, therefore, greater tolerability may translate into greater
efficacy. ARBs have generally been better tolerated than placebo in studies of hypertension,
although it should be pointed out that fewer patients have generally been withdrawn from
ACE inhibitors than placebo in studies of CHF.

Will the Combination of ACE inhibitors and ARBs Prove Superior to
Either Class Used Alone?

Renin secretion is suppressed by AII, and AT1 receptor antagonists increase plasma renin
by releasing it from this negative feedback loop. As renin rises so do angiotensin I and
II levels [2,70]. Just as the effects of ACE inhibition may be overcome by competition
from rising concentrations of angiotensin I, so AT1 inhibition may be overcome by rising
concentrations of AII, either by displacing ARBs that bind reversibly to the AT1 receptor
or by stimulating unblocked receptors more powerfully. Also, it is possible that excessive
stimulation of unblocked AT2 receptors could be harmful.

Rather than being alternatives, it is possible that the actions of ARBs and ACE
inhibitors are complimentary. ACE inhibition could prevent the rise in AII associated with
ARBs, thereby reducing competition for binding of the ARB to the AT1 receptor and
protecting unblocked AT1 receptors, whereas ARBs could block the effects of any residual
AII formed despite ACE inhibition. Studies show that the rise in AII induced by an ARB
can be attenuated by ACE inhibition, at least in the short term, whereas addition of an
ARB to an ACE inhibitor results in a further decline in aldosterone, indicating better renin-
angiotensin system blockade [16,71].

The Question of Dose

Surprisingly, despite 15 years of research we still know comparatively little about the
optimal dose of any ACE inhibitor for CHF [72–74]. This is a very important issue because
when comparing the effects of two classes of drugs, it is important to know that merely
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changing the dose of one or other drug would not have replicated any difference observed,
or if no difference was observed then this did not reflect the use of an inadequate dose
of one or the other drug. The NETWORK study showed no difference in outcome from
2.5 mg, 5 mg, or 10 mg b.i.d. of enalapril over 6 months, whereas the ATLAS study
suggested a greater morbidity/mortality benefit with 35 mg compared with 5 mg/day of
lisinopril over 46 months [72,73]. However, these studies still do not define the optimal
long-term dose of an ACE inhibitor.

LANDMARK TRIALS AND META-ANALYSES PRINCIPALLY
DESIGNED TO COMPARE ARBS WITH PLACEBO IN THE ABSENCE
OF AN ACE INHIBITOR

This section includes two landmark trials addressing this question, CHARM-Alternative
[19] and CHARM-Preserved [20,23], and two meta-analyses of smaller trials, one of
losartan [24] and the other of candesartan [25]. The VAL-HeFT study included a subgroup
of patients who were not taking ACE inhibitors [75]. This study is addressed in the section
focusing on ARBs added to ACE inhibitors. (Table 1)Apart from the CHARM-Preserved
trial, comparing candesartan and placebo in patients with heart failure and preserved left
ventricular systolic function, these trials all focused on heart failure due to left ventricular
systolic dysfunction. The I-PRESERVE trial [10] is also investigating the effects of an
ARB, irbesartan, in patients with heart failure and preserved left ventricular systolic func-
tion and, as in CHARM-Preserved, some use of ACE inhibitors is allowed.

The Losartan Meta-Analysis

This meta-analysis [24] consisted of six randomized, double-blind trials in patients with
heart failure due to LVSD; three comparing losartan (mostly 50 mg/day) with placebo,
two comparing losartan (25–50 mg/day) with enalapril (10 mg b.i.d.) and one (the ELITE
trial, see following text) comparing losartan and captopril. The three trials comparing
losartan with placebo included 890 patients with 12 weeks of follow-up. One was a dose-
ranging hemodynamic study and the others had exercise capacity as their primary endpoint.
Approximately 50% of patients had previously received an ACE inhibitor, but this treat-
ment had been discontinued either because of side effects or to qualify for study entry.
These trials were conducted prior to widespread use of beta-blockers. The mean age of
the patients was 62 years, about 70% were men, and coronary disease was the predominant
etiology of their left ventricular dysfunction.

The meta-analysis showed a significant reduction in mortality with losartan com-
pared with placebo (1.8% vs. 4.7%; p�0.014).

The hemodynamic study showed that after 3 months therapy and 12 hours following
a further dose, 25 mg of losartan reduced systemic vascular resistance by about 20%,
pulmonary capillary wedge pressure (PCWP) by 5 mmHg, blood pressure by 6 mmHg,
and heart rate by 6 bpm (all placebo-corrected), and increased cardiac index by about 0.4
L/min/m [70]. The 50-mg dose exerted similar, but no greater an effect. Other doses exerted
less consistent effects. Only the 50-mg dose reduced cardiothoracic ratio significantly
over 3 months. Thus, as with ACE inhibitors, the long-term hemodynamic benefits were
generally modest. Reductions in aldosterone were observed after 12 weeks of the 10-mg,
25-mg and 50-mg doses of losartan. Increases in renin and angiotensin II that appeared
after acute dosing were not present after 12 weeks. Norepinephrine changed little if at all.
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Table 1 Study Design of and Baseline Characteristics of Patients Included in Landmark Trials of
Heart Failure Comparing ARB with Placebo in the Absence (Mainly) of an ACE Inhibitor

CHARM- Val-HeFT CHARM-
Alternative (subgroup) Preserved

(19,20) (75) (20,23)

Comparison Candesartan vs. Valsartan vs. Candesartan vs.
Placebo Placebo Placebo

N � 2028 366 3023
Follow-up (months) 33.7 23 36.6
Mean age (years) 67 67 67
� 75 years (%) 23 63a 27
Women (%) 32 29 40
NYHA (II/III/IV shown as %) 47/49/4 53/47b 61/37/2
Mean LVEF (entry criterion in brackets) 30 (�40%) 28 (�40%) 54 (�40%)
Mean systolic blood pressure (mmHg) 130 126 136
Main Cause of Heart Failure
Ischemic heart disease 68 68 56
Idiopathic 20 – 9
Hypertension 6 – 23
Other 6 – 2
Medical History
Diabetes 27 – 28
Atrial fibrillation 25 – 29
Hypertension 50 – 64
Current angina 23 – 28
Pacemaker 9 – 7
Implantable defibrillator 3 – 1
CABG 25 – 22
Treatment
Diuretic 85 – 75
ACE inhibitors Excluded Excluded 19
Beta–blockers 55 38 56
Spironolactone 24 – 12
Calcium channel blocker 16 – 31
Digoxin 46 – 28
Anticoagulant 31 – 25
Aspirin 58 – 58
Statin 42 – 42

– � data not reported
a �65 years rather than �75 years.
b data for NYHA III/IV combined.

The 25-mg and 50-mg doses of losartan reduced plasma concentrations of N-terminal
proatrial natriuretic peptide and this correlated with the decline in PCWP [76].

The hemodynamic study, but not the exercise testing studies, showed an improve-
ment in symptoms. Neither exercise testing study showed an improvement in exercise
capacity but a prespecified combined analysis showed a reduction in mortality and heart-
failure–related hospitalization [24]. It is difficult to show improvement in exercise capacity
with cardiovascular drugs in patients who have few symptoms or only minor exercise
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limitation. It is possible that patients with more severe symptoms were not enrolled by
investigators due to concerns about placing them on placebo for 3 months.

In summary, these trials suggested that losartan might improve morbidity and mortal-
ity, and possibly symptoms, in patients with heart failure when used instead of an ACE
inhibitor. Although the hemodynamic study suggested that 50 mg/day of losartan was at
the top of the dose response, fewer than 30 patients were studied at each dose.

The Candesartan Meta-Analysis

This meta-analysis [25] consisted of five randomized, double-blind trials (including
STRETCH [77] and SPICE [78]) in patients with heart failure due to left ventricular
systolic dysfunction. Four trials, including 1189 patients, compared candesartan in doses
ranging from 2 to 16 mg/day against placebo without background ACE inhibitor. One
trial, including only 98 patients, compared candesartan (dose 8 to 32 mg/day) and placebo
on top of background ACE inhibitors. The mean age of the patients was 63 years, most
were men with coronary disease and predominantly mild symptoms. The largest trial
(STRETCH; n � 844), lasted 12 weeks and the longest trial lasted 52 weeks (n � 463).
Two trials included only ACE inhibitor intolerant patients.

The meta-analysis showed no effect of candesartan on mortality, which was low
overall (1.8% on placebo vs. 1.6% of candesartan). All-cause hospitalization was also
unaffected, but candesartan appeared effective in reducing the number of patients requiring
hospitalization for acute decompensation of heart failure (3.5% vs. 1.1%; p�0.002).

Compared with placebo, candesartan improved symptoms and exercise capacity
significantly in the STRETCH study [77], with the highest does (16 mg/day) having the
greatest effect. Adverse effects were no more common even with the highest dose of
candesartan compared with placebo, and only two patients required treatment to be with-
drawn for an adverse effect.

The SPICE study [78] screened 9580 patients with CHF and ejection fraction 35%
or less to identify ACE intolerant patients. A total of 9% of patients was found to be
intolerant of ACE inhibitors, mainly due to cough or hypotension. Overall, 179 patients
were randomized to candesartan (uptitrated to 16 mg/day) or placebo and followed for 12
to 14 weeks. Trends in favor of candesartan on morbidity outcomes were not statistically
significant. Trends to an improvement in symptoms with candesartan were not significant.

Detailed reports on the other component studies have not been published. A subse-
quent long-term study, not included in this meta-analysis [79–81], compared placebo and
candesartan (8 mg/day) in 305 Japanese patients with predominantly mild heart failure.
Candesartan was associated with a reduction in worsening heart failure.

In summary, these trials suggested that candesartan might improve morbidity and
possibly symptoms in patients with heart failure when used instead of an ACE inhibitor.
The low event rate precludes any comment on mortality.

CHARM-Alternative

The CHARM program consisted of three separate randomized, double-blind clinical trials
that were also designed to be analyzed as a single outcome trial [22,82]. However, as each
component study asks a different, clinically relevant question, the trials are probably best
interpreted individually rather than as a whole. Also, all-cause mortality, the primary
endpoint of the overall analysis [22], was not reduced significantly by candesartan using
the principal preplanned analysis that was not adjusted for covariates.

CHARM-Alternative [19,20] included patients with symptomatic heart failure due
to LVSD who had a history of ACE inhibitor intolerance, predominantly ACE inhibitor-
induced cough (72%). Candesartan was initiated at 4 mg/day (81% of patients) or 8 mg/
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day according to the discretion of the investigator, and then titrated at not more than
2-week intervals to 32 mg/day. Monitoring of serum potassium and creatinine was recom-
mended during titration. Patients were monitored long-term at 4 monthly intervals. The
primary end-point was cardiovascular death or unplanned admission to hospital for the
management of worsening heart failure, defined as worsening symptoms or signs and
requiring treatment with intravenous diuretics.

A total of 2028 patients was randomized and followed for a mean of 33.7 months.
The mean age of the patients was 66 years; 23% were aged 75 years or more. Most patients
were men and had coronary disease. Of those randomized to candesartan, 55% were taking
a beta-blocker (rising to 64% during the course of the study), and 25% were receiving
spironolactone (unchanged during the study on candesartan but increasing to 29% on
placebo). The target dose was achieved in 59% of patients randomized to candesartan vs.
73% randomized to placebo at 6 months. Adverse events led to withdrawal of study
medication in 22% and 19% of patients randomized to candesartan and placebo, respec-
tively. However, patients who had previously withdrawn from ACE inhibitors because of
cough or angio-edema rarely discontinued study medication because of adverse events.
In each group, 6% of patients started an open-label ACE inhibitor and 9% an open-label
ARB. Patients randomized to candesartan were more likely to withdraw for hypotension
(3.7% vs. 0.9%), renal dysfunction (6.1% vs. 2.7%) and hyperkaliemia (1.9% vs. 0.3%)
and these events were most likely to occur in patients who had previously discontinued
ACE inhibitors for these problems (Fig. 2). Serum creatinine more than doubled in 5.5%
of patients (vs. 1.6% on placebo) and serum potassium increased to 6 mmol/L or more
in 3% of patients (vs. 1.3% on placebo). Candesartan reduced systolic blood pressure by
a mean of 4 mmHg.

The absolute risk reduction (ARR) in the primary end-point with candesartan was
7.0% or a relative risk reduction (RRR) of 23% (p�0.004), increasing to 30% after
adjusting for imbalances between randomized groups in patients’ baseline characteristics
(Fig. 3A, Table 2a). This effect was brought about by a somewhat greater effect on heart
failure hospitalizations (ARR 7.8%; RRR 39%; p�0.0001 adjusted for covariates) and a
slightly lesser effect on cardiovascular death (ARR 3.2%; RRR 20%; p�0.02 adjusted).
The total number of investigator-defined hospital admissions for heart failure was reduced
by 56 events (from 211 to 155) per thousand patients per year (p�0.0001) (Fig. 4), which
is very similar to the effect of enalapril compared with placebo in SOLVD-trial treatment
(reduced by 65 events from 219 to 154 events per thousand patients per year) [83].

Figure 2 Reasons for permanent discontinuation of treatment with either placebo or cande-
sartan for patients enrolled in the CHARM-Alternative trial. All patients had a prior history
of intolerance to an ACE inhibitor.
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Figure 3 (A) Composite end-point of cardiovascular death or hospitalization for heart fail-
ure among patients participating in the CHARM-Alternative trial. Candesartan was associ-
ated with a 23% reduction in events (From Ref. 19.)

Figure 3 (B) Composite end-point of cardiovascular deaths or hospitalizations for heart
failure among patients enrolled in the CHARM-Added trial. The addition of candesartan to
an ACE inhibitor was associated with a 15% reduction in overall events. [From Ref. 21.)
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Figure 3 (C) Kaplan-Meier analysis of event-free survival for patients randomized to valsar-
tan or placebo in the Val-HeFT trial. (From Ref. 17.)

Figure 3 (D) Composite endpoint of cardiovascular death or hospitalization for heart failure
for patients with heart failure and preserved left ventricular systolic function who participated
in the CHARM-Preserved trial. Candesartan therapy was associated with a nonsignificant
reduction in events. (From Ref. 23.)
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Figure 4 (A) Summary of hospitalizations (percentage of patients and episodes/1000/year)
for heart failure among patients randomized to candesartan or placebo who participated in
the CHARM-Alternative trial. All patients had a documented prior intolerance to an ACE
inhibitor.

Figure 4 (B) Summary of hospitalizations (overall percentage of patients and episodes/
1000/year) for heart failure among patients who participated in the CHARM-Added trial.
Patients were randomized to receive either candesartan or placebo in addition to an ACE
inhibitor.
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Figure 4 (C) Summary of hospitalizations for heart failure for patient who participated in
the Valsartan Heart Failure trial (Val-HeFT), left panel: percentage of patient hospitalized
while receiving valsartan or placebo by presence or absence of chronic ACE inhibitor ther-
apy, right panel: hospitalizations (episodes/1000/year) for patients receiving valsartan or
placebo with or without concomitant ACE inhibitor therapy;

Figure 4 (D) Summary of hospitalizations (overall percentage of patients and episodes/
1000/year) for heart failure among patients who participated in the CHARM-Preserved trial.
Patients were randomized to receive either candesartan or placebo.
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Figure 5 Meta-analysis of randomized, controlled trials comparing an angiotensin receptor
blocker to placebo in patients with advanced left ventricular systolic dysfunction and not
receiving an ACE inhibitor on mortality.

Candesartan was associated with slightly more myocardial infarctions (n � 75 vs.
48; p�0.025) but not strokes (n � 36 vs. 42), although few patients suffered either event.
This might suggest that candesartan, unlike ACE inhibitors [40,84,85], does not reduce
vascular events in this setting but as candesartan was associated with somewhat fewer
cardiovascular deaths these data need to be interpreted with caution.

All-cause mortality was reduced, however, this was significant only after adjusting
for covariates (ARR 3.1%; RRR 17% adjusted; p�0.033). The reduction in heart failure
admissions was reflected in a strong trend for a reduction in all-cause hospitalization
(p�0.06). Patients randomized to candesartan also had a symptom benefit.

In summary, this trial suggests that candesartan at a dose of 32 mg/day is well
tolerated, substantially more effective than placebo and, at this dose, as effective as an
ACE inhibitor would have been had it been tolerated [80,81]. Caution is required in
extrapolating these results to patients who have been withdrawn from ACE inhibitors
because of hypotension or renal dysfunction, or in extrapolating these data to infer that
ARBs may be used in preference to an ACE inhibitor in a patient who does not exhibit
ACE inhibitor intolerance. As the trial was analyzed on an intention-to-treat basis and a
substantial number of patients randomized to placebo subsequently received treatment
with an ACE inhibitor or ARB, the trial underestimates the true magnitude of benefit that
should be observed in clinical practice.

Overall, this group of trials suggest that, compared with placebo, ARBs improve
symptoms, reduce hospitalizations (Fig. 4) and lower mortality (Fig. 5) [80,81].

CHARM-Preserved

This is the first substantial trial [20,23] to assess the effects of treatment in patients with
a clinical syndrome suggestive of heart failure but in whom heart failure due to LVSD
or major valve disease has been excluded. Epidemiological studies suggest that up to half
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of patients with heart failure belong to this category and predict that this group should be
older and predominantly female [8]. Follow-up studies have suggested that this group of
patients has a better short-term survival but that longer-term survival may be as poor as
for patients with LVSD, and that they have a high rate of hospitalization for heart failure
[10,11]. However, it is likely that the patients enrolled in this study are a highly heterogene-
ous group of patients including misdiagnosis of heart failure, patients with forme fruste
systolic dysfunction, and perhaps some patients with isolated diastolic dysfunction [10].

CHARM-Preserved included patients with symptomatic heart failure who had been
hospitalized at some time in the past for a cardiac problem (69% had a previous admission
with heart failure) and who had a left ventricular ejection fraction greater than 40%.
Candesartan was initiated at 4 mg/day (75% of patients) or 8 mg/day according to the
discretion of the investigator, and then titrated at not more than 2-week intervals to 32
mg/day. The primary end-point was cardiovascular death or unplanned admission to hospi-
tal for the management of worsening heart failure.

A total of 3205 patients was randomized and followed for a mean of 36.6 months.
The mean age of the patients was 67 years; 27% were aged 75 years or more; 60% of
patients were men and 44% had had a myocardial infarction. Of those randomized to
candesartan, 56% were taking a beta-blocker at baseline and 11% were taking spironolac-
tone. Nineteen percent of patients were taking an ACE inhibitor at baseline, which in-
creased to about 24% during the study in both groups. In each group, 3% of patients
started an open-label ARB. Target doses were achieved in 67% of patients randomized
to candesartan vs. 79% randomized to placebo at 6 months. Overall, 18% of those random-
ized to candesartan vs. 14% of those randomized to placebo discontinued trial medication
because of an adverse event. Patients randomized to candesartan were more likely to
withdraw for hypotension (2.4% vs. 1.1%), renal dysfunction (4.8% vs. 2.4%) and hyperka-
lemia (1.5% vs. 0.6%). Serum creatinine more than doubled in 6% of patients (vs. 3% on
placebo) and serum potassium increased to 6 mmol/L or more in 2% of patients (vs. 1%
on placebo).

The annual event rate for the primary endpoint in the placebo group was 9.1%, half
that observed in CHARM-Alternative (Fig. 3D). The absolute reduction in the primary end-
point with candesartan was just 2.0%, or a relative reduction of 11% (p � ns), increasing to
14% (p � 0.051) after adjusting for imbalances between randomized groups in patients’
baseline characteristics. There was no effect on mortality but a trend for a favorable effect
on heart failure hospitalizations (ARR 2.4%; RRR 16% adjusted; p�0.047) (Table 2b).
The total number of investigator-defined hospital admissions for heart failure was reduced
by 36 (123 vs. 87) events per thousand patients per year (p�0.014) (Fig. 4D). No effect
of candesartan on vascular events, such as myocardial infraction or stroke, was observed.
All-cause mortality and all-cause hospitalization were both unchanged by candesartan.
The proportion of deaths and hospitalizations that were noncardiovascular were substan-
tially greater in this study than in CHARM-Alternative.

In summary, this trial suggests that candesartan may have some modest effect on
altering the natural history of heart failure with preserved left ventricular systolic function
but further information on symptoms is required to gauge whether the treatment is really
worthwhile. It is possible that stricter entry criteria that required more substantial evidence
of cardiac dysfunction would have identified patients with greater benefit. An analysis of
the data including only patients who were not receiving an ACE inhibitor would also be
valuable.

I-PRESERVE

This is a randomized, double-blind study comparing irbesartan (target dose 300 mg/day)
with placebo in patients with heart failure but without LVSD. It is similar in design to
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CHARM-Preserved. It is difficult to see why the outcome of this trial would be substan-
tially different to CHARM-Preserved, however, the size and the duration of the trial could
make a difference to the confidence intervals around the effect.

LANDMARK TRIALS PRINCIPALLY DESIGNED TO COMPARE ARBS
WITH PLACEBO IN THE PRESENCE OF AN ACE INHIBITOR

The Val-HeFT [17,18,75,86–90] and CHARM-Added [20,21] trials are included here.
The RESOLVD [16,29] and VALIANT studies [28,91,92] have complex designs including
a comparison of combined ACE inhibitor/ARB against each agent used alone and these
trials will also be discussed. (Tables 3 and 4)

Table 3 Study Design of and Baseline Characteristics of Patients included in Landmark Trials of
Heart Failure Comparing ARB with Placebo in Addition to an ACE Inhibitor

Val-HeFT (Main) CHARM-Alternative RESOLVDa

(17) (20,21) (16)

Comparison Valsartan vs. Placebo Candesartan vs. Placebo Candesartan vs. Placebo
N � 5010 2548 441
Mean follow-up (months) 23 41 10
Mean age (years) 63 64 63
�75 years (%) – 18 –
Women (%) 20 21 13
NYHA (II/III/IV shown as %) 62/36/2 24/73/3 63/35/2
Mean LVEF (entry criterion 27 (�40%) 28 (�40%) 28 (�40%)

in brackets)
Mean systolic blood pressure 124 125 120

(mmHg)
Cause of Heart Failure
Ischemic heart disease 57 62 72
Idiopathic 31 26 17
Hypertension 7 7 –
Other 5 5 11
Medical History
Diabetes 26 30 –
Atrial fibrillation 12 27 –
Hypertension – 48 –
Current angina – 20 –
Pacemaker – 9 –
Implantable defibrillator – 4 –
CABG – 25 –
Treatment
Diuretic 86 90 85
ACE inhibitors 93 100 Excluded at baseline
Beta-blockers 35 55 13% on combination 

vs. 23% on enalapril
(p�0.05)

Spironolactone – 17 –
Calcium channel blocker – 10 15
Digoxin 67 58 69
Anticoagulant – 38 31
Aspirin – 51 53
Statin – 41 –

a Includes only patients randomized to combination or enalapril.
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RESOLVD

RESOLVD [16,29] was a complex randomized, double-blind, dose-ranging study compar-
ing enalapril (10 mg bid) to three doses of candesartan (4 mg, 8 mg and 16 mg/day) in
the absence of an ACE inhibitor, and two doses of candesartan (4 mg and 8 mg/day) in
addition to enalapril (10 mg bid). The comparison of combination with either agent used
alone is the focus of this section. The starting dose of candesartan was 2 mg/day and of
enalapril 2.5 mg b.i.d.. Patients with symptomatic heart failure and a LVEF less than 40%
were eligible. The primary end-points included exercise distance (6-minute corridor walk),
cardiac function, neuroendocrine measures, symptoms, and quality of life. Morbidity and
mortality were safety outcomes. After 17 weeks, patients not taking beta-blockers were
eligible for rerandomization to placebo or metoprolol in addition to their initial study
medication [93].

A total of 436 patients was randomized to either enalapril or candesartan alone and
an additional 332 patients to combination therapy. Patients were followed for 43 weeks.
Patients were predominantly men; most had few symptoms (63% in NYHA class II), and
more than 90% of patients had been withdrawn from ACE inhibitors to enter the study.

Compared with either candesartan or enalapril alone, the combination did not im-
prove exercise distance, LVEF, norepinephrine levels, endothelin levels, symptoms, or
quality of life. The latter may reflect the mild severity of symptoms at baseline. However,
compared with either agent alone, the combination did inhibit progressive ventricular
dilatation, and this was associated with a greater and more sustained reduction in brain
natriuretic peptide; similar trends were observed for aldosterone. The highest dose of
candesartan exerted the greatest effect. These effects were associated with about a 5 mmHg
greater reduction in systolic blood pressure.

RESOLVD was stopped prematurely due to a higher incidence of death in the cande-
sartan (6.1%) and combination groups (8.7%) than in the enalapril group (3.7%). No
similar trend was noted for hospitalization.

In summary, the mechanistic data from this study suggested that combination therapy
might be superior to either agent used alone. The excess mortality with combination ther-
apy, in hindsight, probably reflects a spuriously low mortality in the small number (n �
107) of patients randomized to enalapril alone and a somewhat higher than expected
mortality in the group randomized to enalapril in combination with 8 mg/day of candesar-
tan. At the time, it caused considerable concern.

Val-HeFT

The Val-HeFT study [17,18,75,86–90] compared valsartan (target dose 160 mg b.i.d.) to
placebo predominantly in patients who were taking substantial doses (e.g., a mean of 17
mg/day of enalapril) of ACE inhibitors (93%) in patients with treated symptomatic heart
failure due to LVSD. Only 7% of patients were not receiving an ACE inhibitor at baseline,
mainly because of previous intolerance.

Valsartan was initiated at 40 mg b.i.d. and then titrated at 2-week intervals to a
target of 160 mg b.i.d. provided the patient had no hypotensive symptoms, the standing
systolic blood pressure was greater than 90 mmHg, and renal function had not deteriorated
substantially (e.g., 50% increase in creatinine). The coprimary end-points were all-cause
mortality and the composite of death, hospitalization for heart failure, resuscitated cardiac
arrest, or the administration of intravenous inotropic or vasodilator agents for more than
4 hours without hospitalization. The latter two components of the composite contributed
little.

Overall, 5010 patients were randomized and followed for a mean of 23 months. The
mean age of the patients was 63 years; 47% were aged 65 years or more, and most patients
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were men who had coronary artery disease. Of those randomized to valsartan, 35% were
taking a beta-blocker, and only 5% were taking spironolactone. A target dose was achieved
in 84% of patients randomized to valsartan vs. 93% of those randomized to placebo.
Adverse events led to withdrawal of study medication in 9.9% and 7.2% of patients
randomized to valsartan and placebo, respectively. Patients randomized to valsartan were
more likely to withdraw for hypotension (1.3% vs. 0.8%) and renal dysfunction (1.1%
vs. 0.2%). Serum creatinine and serum potassium increased by an average of only 7 �mol/
L and 0.05mmol/L, respectively, compared with placebo.

Valsartan had no overall effect on mortality but a statistically significant reduction
(p�0.017 by log-rank test) was noted in the small subgroup of patients who were not
receiving an ACE inhibitor at baseline [75] (Table 2a). The corollary of accepting this
observation as true is that there was a slight, nonsignificant trend to an excess mortality
with valsartan in those patients who were taking an ACE inhibitor at baseline.

Valsartan did reduce the composite morbidity/mortality outcome (ARR 4.4%; RRR
13%; p�0.009) almost entirely due to a reduction in hospitalizations for heart failure (RRR
24%; p�0.001) (Fig. 3C). The total number of investigator-defined hospital admissions for
heart failure was reduced by 55 (from 241 to 196) events per thousand patients per year
(p�0.002) (Fig. 4C). A slightly greater effect was observed in patients not taking ACE
inhibitors. Non– heart-failure admissions were unaffected, but this was enough to dilute
the effect on heart failure admissions so that the trend to a reduction in all-cause hospitaliza-
tion was not significant [87].

Patients taking a combination of beta-blockers and ACE inhibitors at baseline had
a higher mortality if randomized to valsartan. However, it is likely that many patients had
beta-blockers initiated during the study and so interaction with baseline therapy should
be interpreted cautiously. In the light of subsequent data, it is almost certain that this was
a chance finding. Other subgroup analyses revealed no significant heterogeneity in the
effect of valsartan. Patients with higher NYHA class, lower LVEF, and more dilated left
ventricles tended to have more benefit, perhaps reflecting the fact that they were sicker
and had more cardiovascular events to prevent. Patients with ischemic heart disease and
those with diabetes tended to have less benefit, perhaps suggesting that ARBs have a
limited effect on vascular protection or an adverse effect of excessive blood pressure
reduction in patients with severe coronary disease.

Valsartan improved symptoms using a variety of measures and quality of life. The
effect on symptoms was equivalent to improving one in every twenty patients by one full
NYHA class (p�0.001) (Fig. 6). Progressive increases in plasma concentrations of brain

Figure 6 Change in New York Heart Association (NYHA) functional class for patients who
received valsartan or placebo in the Valsartan Heart Failure Trial (Val-HeFT).
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natriuretic peptide (BNP) and norepinephrine, markers of a worse prognosis, were noted
on placebo [86,88]. Valsartan produced a sustained reduction in BNP and attenuated the
increase in norepinephrine. These effects were most prominent in patients who were not
taking ACE inhibitors but were also observed in the presence of ACE inhibitors and beta-
blockers. Most patients in the study had serial echocardiographic measurements of left
ventricular function. These showed that valsartan increased left ventricular ejection fraction
by about 1.3% placebo-subtracted (i.e., from about 26.6% to 31.1% on valsartan compared
with 26.9% to 30.1% on placebo) (p�0.0001)[17,89]. Again, effects were greatest in the
absence of an ACE inhibitor and absent in patients taking both a beta-blocker and an ACE
inhibitor. Similarly, valsartan reduced left ventricular diastolic dimension by 7 mm/m2

with the effect being greatest in those not taking ACE inhibitors and least in those taking
ACE inhibitors and beta-blockers [89].

In summary, this trial shows that valsartan at a dose of 160 mg b.i.d. is well tolerated,
safe, improves symptoms and reduces hospitalization for heart failure when added to an
ACE inhibitor, but raised concerns about triple therapy in combination with beta-blockers.

CHARM-Added

The CHARM-added study [20,21] compared candesartan (target dose 32 mg/day) to pla-
cebo in patients who were taking substantial doses (e.g., a mean of 17 mg/day of enalapril)
of ACE inhibitors for symptomatic heart failure due to LVSD. To exclude patients at a
low risk of events, patients who were in NYHA class II were required to have had an
admission for a cardiac problem in the previous 6 months

Candesartan was initiated at 4 mg/day (86% of patients) or 8 mg/day according to
the discretion of the investigator, and then titrated at not more than 2-week intervals to
32 mg/day. The primary end-point was cardiovascular death or unplanned hospitalization
for the management of worsening heart failure.

A total of 2548 patients was randomized and followed for a mean of 41 months.
The mean age of the patients was 64 years;18% were older than 75 years, and most patients
were men who had coronary disease. Of those randomized to candesartan, 55% were
taking a beta-blocker (rising to 64% during the course of the study) and 17% were taking
spironolactone. The target dose was achieved in 61% of patients randomized to candesartan
vs. 73% randomized to placebo at 6 months. Adverse events led to withdrawal of study
medication in 24% and 18% of patients randomized to candesartan and placebo, respec-
tively. In each group, 6% of patients started an open-label ACE inhibitor and 9% an
open-label ARB. Patients randomized to candesartan were more likely to withdraw for
hypotension (4.5% vs. 3.1%), renal dysfunction (7.8% vs. 4.1%) and hyperkaliemia (3.4%
vs. 0.7%). Serum creatinine more than doubled in 7% of patients (vs. 6% on placebo) and
serum potassium increased to 6mmol/L or more in 3% of patients (vs. 1% on placebo).
These effects were not substantially different in the presence of spironolactone. Candesar-
tan reduced systolic blood pressure by a mean of 5 mmHg by 6 months with no greater
effect observed in those patients taking beta-blockers.

The absolute reduction in the primary end-point with candesartan was 4.4% or a
relative reduction of 15% (p�0.011) (Fig. 3B). This effect was brought about by very
similar effects on heart failure hospitalizations and cardiovascular death. Benefits tended
to be greater in patients receiving beta-blockers and higher doses of ACE inhibitors. The
total number of investigator-defined hospital admissions for heart failure was reduced by
53 (from 192 to 139) events per thousand patients per year (p�0.002) (Fig. 4B). Candesar-
tan was associated with slightly fewer myocardial infarctions (n � 44 vs. 69; p�0.012)
but not strokes (n � 47 vs. 41), although few patients suffered either event. The total
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number of admissions was reduced (p�0.023). A trend to a reduction in all-cause mortality
was not significant. The trend was identical in the presence or absence of a beta-blocker.

In summary, this trial suggests that candesartan at a dose of 32 mg/day is well
tolerated, safe, improves symptoms and reduces hospitalizations when added to ACE
inhibitors with or without beta-blockers. This trial provides no definitive evidence of a
mortality benefit with ARBs in this clinical setting.

VALIANT

This trial [80,92] compared valsartan (160 mg bid) with captopril (50 mg t.i.d.) and the
combination (captopril 50 mg b.i.d. and valsartan 80 mg b.i.d.) in patients with a recent
myocardial infarction (12 hours to 10 days) who exhibited clinical (70%) or radiological
(39%) evidence of heart failure or who had major LVSD (52%). Overall, 50% fulfilled
at least two sets of entry criteria. Patients with a systolic blood pressure less than 100
mmHg or serum creatinine greater than 221 �mol/L were excluded. The focus in this
section is on the outcome of combination therapy compared to either agent used alone.
(Tables 4, 6 and 7) [28,29,91]

Captopril was initiated at 6.25 mg b.i.d. and valsartan at 20 mg b.i.d. and rapid
titration was encouraged prior to discharge. The primary end-point was all-cause mortality
and the principal secondary endpoint was a composite time-to-first event analysis of cardio-
vascular mortality, recurrent myocardial infarction or hospitalization for heart failure.

Overall, 14,703 patients were randomized and followed for a median of 24.7 months.
The mean age of the patients was 65 years, 25% were aged 75 years or more, and most
patients were men. Approximately 70% were taking a beta-blocker at baseline but few
were taking potassium sparing diuretics; 60% had an anterior myocardial infarction, and
67% had a Q-wave infarction. 75% of patients were enrolled within 7-days of infarction.
During this period, 46% underwent acute reperfusion therapy (thrombolysis or percutane-
ous intervention), 25% underwent revascularization, and 17% had significant arrhythmias
or conduction disturbances (mostly atrial fibrillation). Diuretics were prescribed in 50%
of patients. Of those randomized to valsartan alone, captopril, or the combination, 15.3%,
16.8% and 19.0% had withdrawn from therapy by 12 months, and the proportions taking
target doses of therapy were 56%, 56% and 47%. During the whole of course of the
study, 5.8%, 7.7% and 9.0% of patients withdrew respectively from valsartan, captopril,
or combination therapy for an adverse events. Overall, 20.5%, 21.6% and 23.4% withdrew
from therapy for any reason, most commonly patient-choice for unspecified reasons. In
each group, at 1 year 7% to 8% were taking an open-label ACE inhibitor, and 2% to 3%
were taking an open-label ARB. Patients randomized to the combination were more likely
to withdraw for hypotension (1.9% vs. 0.8%) and renal dysfunction (1.3% vs. 0.8%).
Comparison of the adverse effect profile of valsartan alone vs. captopril is discussed in
the following text. Blood pressure rose during follow-up to a mean of 125/76 mmHg on
captopril alone. Treatment with valsartan alone and in combination was associated with
reductions in this rise of systolic blood pressures of 0.9 mmHg and 2.2 mmHg (both
p�0.001), respectively.

Mortality on combination therapy (19.3%) was similar to that on captopril alone
(19.5%). The hazard ratio was 0.98 (95% confidence intervals of 0.89 to 1.09), which
provided sufficient evidence to say that combination therapy was not inferior to captopril
monotherapy. The proportions of patients reaching the principal secondary endpoint were
also similar at 31.1% on combination therapy and 31.9% on captopril alone. There was
no interaction with beta-blocker therapy. There was a trend for a reduction in the total
number of investigator-defined hospital admissions for myocardial infarction or heart fail-
ure (estimated reduction of 15 [from 147 to 132] events per thousand patients per year
[p� ns]).
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Figure 7 Meta-analysis of outcomes for patients receiving angiotensin receptor blockers
(ARBs) compared with angiotensin-converting enzyme (ACE) inhibitors following acute myo-
cardial infarction.

In summary, this trial suggests that there is little advantage to using valsartan and
captopril in combination compared to captopril alone. Combination therapy is associated
with more adverse events but no obvious health gain. However, data on symptoms and
all-cause hospitalization have not yet been reported and could change the perceptions of
the outcome of this study. Consistent with data from Val-HeFT and CHARM-Added,
VALIANT shows a trend to a reduction in the total number of hospitalizations.

Overall, this group of trials suggest no effect of adding an ARB to an ACE inhibitor
on mortality [80,81] (Fig. 7). The trials do suggest a symptomatic benefit leading to a
reduction in heart failure hospitalizations, which translates into an overall significant reduc-
tion in all-cause hospitalization [80,81]. These effects have been achieved despite the use
of high background doses of ACE inhibitors. Although the benefits of adding an ARB to
an ACE inhibitor might have been replicated by a substantial increase in the dose of the
ACE inhibitor there are few data to support this contention [92].

LANDMARK TRIALS PRINCIPALLY DESIGNED TO COMPARE ARBS
WITH ACE INHIBITORS

This section includes the ELITE [14], ELITE-II [15,94] and OPTIMAAL studies [26,27].
The RESOLVD [16] and VALIANT [28,29,80,91,92] studies have complex designs in-
cluding a comparison of ARB against ACE inhibitor. (Fig. 8) Only a small amount of
additional data can be gleaned from the meta-analyses of losartan and candesartan previ-
ously mentioned and these are not dealt with further. (Tables 5,6 and 7).

ELITE (Evaluation of Losartan in the Elderly Study)

The ELITE trial [14] randomized 722 patients with heart failure and LVSD to captopril
50 mg t.i.d. or losartan 50 mg once daily in a double-blind study of 48 weeks duration.
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Figure 8 Meta-analysis of randomized, controlled trials comparing an angiotensin receptor
blocker to placebo in patients with advanced left ventricular systolic dysfunction and receiv-
ing background therapy with an ACE inhibitor on mortality.

The primary end-point was an increase of serum creatinine of 26.5 umol/L (0.3 mg/dL)
or more, which, as an index of an important adverse effect on renal function, appears
arbitrary and unlikely to make most clinicians withdraw ACE inhibitor therapy or take
any other action. The secondary end-point, death and/or admission for CHF, was formu-
lated after patient recruitment was complete and after the results of other smaller studies
contained in the losartan meta-analysis had become known. Analyses of all-cause mortality
and hospital admission for CHF were other prespecified outcomes of interest, and an
analysis of all-cause hospital admission was conducted as a further exploratory analysis.

Patients had to be 65 years of age or older; two-thirds were 70 years of age or older,
and most patients were in NYHA class II. Only 74% of patients were receiving diuretics,
a powerful stimulus to neuroendocrine activation in heart failure, the substrate upon which
ARBs and ACE inhibitors probably work. More than 80% of patients were in NYHA
class I or II by the study end in both groups. The mean ejection fraction was 30%. Patients
with renal dysfunction (serum creatinine 221 �mol/L [2.5 mg/dL] or greater) were ex-
cluded and, thus, a population at low risk of developing serious adverse renal events was
identified. The mean baseline serum creatinine was 106 �mol/L (1.2 mg/dL). Compared
with the SOLVD-Treatment trial [83], the ELITE population was about a decade older
but appeared to have milder heart failure, as the ejection fraction was considerably higher
and diuretic use was lower.

There was no difference in outcome with respect to changes in serum creati-
nine–10.5% of patients in each group having an increase of 26.5 umol/L or more. There
was a trend to a greater increase in serum potassium with captopril, but it is not clear if
this should be considered beneficial or not.

Losartan reduced overall mortality by 46% (RRR) (p�0.04), largely due to a reduc-
tion in sudden deaths (RRR 64%; p�0.05) and death due to myocardial infarction (RRR
76%; p�ns). Death due to progressive CHF occurred in only one patient in each group.
Only 5.7% of patients in each group were hospitalized for CHF over 48 weeks, suggesting
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Table 5 Study Design of and Baseline Characteristics of Patients Included in Landmark Trials of
Heart Failure Comparing ARB with ACE Inhibitors

ELITE-1 (14) ELITE-II (15,94)

–; not provided.

Comparison
N �
Mean follow-up (months)
Mean age (years)
� 70 years (%) (entry criterion in

brackets)
Women (%)
NYHA (II/III/IV shown as %)
Mean LVEF (entry criterion in brackets)
Mean systolic blood pressure (mmHg)

(entry criterion in brackets)
Cause of Heart Failure
Ischemic heart disease
Other
Medical History
Diabetes
Atrial fibrillation
Hypertension
Current angina
Pacemaker
Implantable defibrillator
CABG
Treatment
Diuretic
ACE inhibitors
Beta-blockers
Potassium sparing diuretic
Calcium channel blocker
Digoxin
Anticoagulant
Aspirin
Statin

Losartan vs. Captopril
722
11
74

70 (�65years)

33
65/34/1

31 (�40%)
137 (�90 mmHg)

68
32

25
23
57
–
–
–
–

74
–
16
–
34
57
18
48
–

Losartan vs. Captopril
3152
18
71

(�60 years)

30
52/43/5

31 (�40%)
134 (�90 mmHg)

79
21

24
30
49
–
–
–
–

78
(prior to study 24%)

22
22
23
50
–
59
–

that the patients in ELITE had relatively mild CHF. Losartan and captopril exerted similar
benefits on symptoms. Changes in plasma norepinephrine, a potential marker of progres-
sive ventricular dysfunction, were not significantly different between groups.

Despite reducing mortality, which leaves more people at risk of hospitalization,
losartan reduced all-cause hospitalization rates by 26% over captopril treatment. This could
have reflected the lower side effect profile and better tolerability of losartan. More than
70% of patients were maintained on the target dose of both losartan and captopril, whereas
85% achieved the target dose at some time in the study. Overall, 20.8% of captopril-
treated patients withdrew because of side effects vs. 12.2% of losartan treated patients
(p�0.002). This difference was largely due to a lower risk of cough, taste disturbance,
angioedema, and worsening heart failure. A total of 3.8% of patients discontinued captopril
due to cough vs. none on losartan (p�0.002). There was no difference in the rate of
hypotensive symptoms (24%).
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Table 7 Study Design and Baseline Characteristics of Patients Included in Landmark Trials of
ARBs in the Setting of Post Myocardial Infarction Left Ventricular Systolic Dysfunction and/or
Heart Failure

OPTIMAAL (26,27) VALIANT (28,29,91)

a Includes acute revascularization prior to randomization; –, not provided.

Comparison
N �
Mean follow-up (months)
Mean age (years)
� 75 years (%)
Women (%)
Killip Class (I/II/III/IV shown as %)
Mean LVEF (entry criterion in brackets)

Mean systolic blood pressure (mmHg)
Time from infarction to randomization

(median days)
Anterior site of infarction (%)
Medical History
Prior myocardial infarction
Diabetes
Atrial fibrillation
Hypertension
Any angioplasty/CABGa

Treatment
Thrombolysis
Primary angioplasty
Diuretic
ACE inhibitors

Beta-blockers
Potassium sparing diuretic
Calcium channel blocker
Digoxin
Anticoagulant
Aspirin
Statin

Losartan vs. Captopril
5477
32
67
–
29
32/57/9/2
(�35% or new anterior

Q-waves or heart
failure)

123 (�100 mmHg)
3

51

18
17
10
36
14/3

54
–
64
Excluded

79
–
22
11
–
96
31

Valsartan vs. Captopril
14,703
25
65
–
31
29/48/17/6
35 (see text)

123 (�100 mmHg)
5

59

28
23

55
35/7

35
15
50
(40% prior to

randomization)
70
9
–
–
–
91
34

Only when an effective drug is ingested can its benefits be realized. Thus, losartan
could have proved superior to an ACE inhibitor not because it was more effective but
because it was more likely to be taken. Excluding deaths, 18.2% of patients discontinued
losartan for any reason vs. 28.6% of those on captopril (p�0.001), but this did not account
for the difference in survival (3.7% vs. 8.5% for those remaining on therapy with losartan
or captopril, respectively; p�0.013).

A substudy on 29 patients suggested that captopril and losartan exerted equal effects
on ventricular function during treatment but that the effect of captopril may persist for
longer after drug withdrawal [95]. A total of 278 patients was enrolled in a quality of life
substudy of which 203 completed questionnaires before and after treatment (Sickness
Impact Profile, Minnesota Living with Heart Failure). Trends in favor of losartan were
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not significant after adjustment for multiple analyses [96] but significantly fewer patients
withdrew from losartan for adverse events. Patients who withdrew for adverse events were
unavailable for the second questionnaire, which biased this substudy against losartan.

ELITE II

The ELITE-II trial [15,94] compared losartan (target dose 50 mg/day) with captopril (target
dose 50 mg t.i.d.) in patients older than 60 years with symptomatic heart failure and LVSD.
By design, most patients had not previously received an ACE inhibitor or ARB. Patients
with a systolic blood pressure less than 90 mmHg, or serum creatinine greater than
220umol/L were excluded. The primary end-point was all-cause mortality. Losartan was
initiated at 12.5 mg/day and captopril at 12.5 mg t.i.d. Both were titrated at weekly intervals
to target doses.

Overall, 3152 patients were randomized and followed for a mean of 18 months. The
mean age of the patients was 72 years, 85% were aged 65years or more, and most were
men who had coronary artery disease. Of those randomized to losartan, 23% were taking
a beta-blocker and 22% were receiving a potassium sparing diuretic. Adverse events led
to withdrawal of study medication in about 15% and 10% of patients randomized to
losartan and captopril, respectively. A large proportion of this difference was due to ACE
inhibitor induced cough.

There were slightly more deaths (absolute excess risk 1.8%; relative excess risk
13%; p� ns) on losartan compared with captopril. The confidence intervals around this
effect were sufficiently large that it is not safe to draw the conclusion that these drugs at
these doses had equivalent effects. No significant differences were observed in rates of
hospitalization for heart failure or other reasons. Patients taking beta-blockers tended to
fare better on captopril, although the statistical test for interaction (which is not a very
powerful test) was not significant.

In summary, this trial does not support the substitution of an ACE inhibitor with
losartan 50 mg/day in patients with heart failure. The previous ELITE study result appeared
to have occurred by chance.

RESOLVD

This section focuses on the comparison of ACE inhibitor and ARB portion of the trial in
which 327 patients were randomized to candesartan (4 mg, 8 mg or 16 mg/day) or enalapril
20 m/day [16]. No differences in symptoms, cardiac function or neuroendocrine activation
were observed. Patients on the two lower doses of candesartan tended to have higher
mortality than patients on enalapril or the highest dose of candesartan. Differences in heart
failure hospitalization favored enalapril. In summary, this trial is compatible with the
ELITE-II trial result but hints at the possibility that higher doses of ARBs may produce
benefits similar to ACE inhibitors.

OPTIMAAL

The OPTIMAAL trial [26,27] compared losartan (target dose 50 mg/day) with captopril
(target dose 50 mg t.i.d.) in patients aged 50 years or older with acute myocardial infarction
and evidence of heart failure (81%), or systolic dysfunction (LVEF �35% or end-diastolic
dimension �65 mm [14%] or anterior Q-waves [51%]). Patients with a supine systolic
blood pressure greater than 100 mmHg or receiving an ACE inhibitor or ARB were
excluded. The primary end-point was all-cause mortality. Losartan was initiated at 12.5
mg/day and captopril at 6.25 mg (single-dose) then 12.5 mg t.i.d. (Tables 6 and 7)

A total of 5477 patients was randomized and followed for a mean of 32 months.
The mean age of the patients was 67 years, most patients were men who had coronary
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disease. Of those randomized to losartan, 79% were taking a beta-blocker, and 63% were
taking a diuretic. More than 70% of patients had reached target doses of each drug at 1
month, rising to greater than 80% by the end of the study. Adverse events led to withdrawal
of study medication in 17% and 23% of patients randomized to losartan and captopril,
respectively. A large proportion of this difference was due to ACE inhibitor induced cough
but skin rashes, taste disturbances, and angio-edema also made significant contributions.
Losartan and captopril had similar effects on blood pressure in the long-term, but captopril
exerted a greater reduction after the first dose.

There were slightly more deaths (absolute excess risk 1.8%; relative excess risk
13%; p�ns) on losartan compared to captopril. Despite the larger trial size and greater
number of events, the confidence intervals around this effect were still sufficiently large
that a difference in mortality of up to 25% could not be excluded. No significant differences
were observed in the risk of sudden death, resuscitated cardiac arrest, or myocardial infarc-
tion. There was no evidence of an interaction with beta-blockers. Patients in both groups
spent a similar number of days in hospital (about 13 days) and had similar severity of
symptoms.

In summary, this trial does not support the substitution of an ACE inhibitor with
losartan 50mg/day in patients with post-infarction heart failure or ventricular dysfunction.
These data are very similar to those observed in the ELITE-II trial except that they do
not support a beta-blocker interaction.

VALIANT

This section focuses on the comparison of ACE inhibitor and ARB that included 4909
patients randomized to valsartan (160 mg b.i.d.) vs. 4909 randomized to captopril (50 mg
t.i.d.) [28,29,80,91,92]. Thus, the study had about twice as many patients compared with
the OPTIMAAL trial. Similar numbers of patients developed adverse events on captopril
(28.4%) and valsartan (29.4%), however, significantly fewer patients withdrew from vals-
artan because of side effects (7.7% vs. 5.8%). Overall withdrawals for any reason did not
differ (21.6% vs. 20.5%). Hypotension (15.1% vs. 11.9%) and renal dysfunction (4.9%
vs. 3.0%) were more common with valsartan but only withdrawal for hypotension (1.4%
vs. 0.8%) was statistically significant. Cough (5.0% vs. 1.7%), rash (1.3% vs. 0.7%) and
taste disturbance (0.6% vs. 0.3%) were all more common with captopril and more com-
monly led to withdrawal of therapy. Blood pressure rose during follow-up to a mean of
125/76 mmHg on captopril alone. Treatment with valsartan was associated with a reduction
in this rise in systolic blood pressures of 0.9 mmHg (p�0.001).

Mortality on valsartan (19.9%) was similar to that on captopril alone (19.5%). The
hazard ratio was 1.00 (97.5% confidence intervals of 0.90 to 1.11), which provided suffi-
cient evidence to say that valsartan was not inferior to captopril. The proportions of patients
reaching the principal secondary endpoint were also similar on valsartan and captopril
(31.1% vs. 31.9%). There was no interaction with beta-blocker therapy. There was no
difference in the total number of investigator-defined hospital admissions for myocardial
infarction or heart failure. (Tables 6 and 7)

In summary, the reported data on this trial suggests that valsartan and captopril
provide similar benefits but that valsartan is associated with slightly fewer adverse events.
This provides an argument for using an ARB in preference to an ACE inhibitor in this
clinical setting assuming that the cost of therapy, a very small fraction of overall health-
care, is not important.

These comparative trials suggest that the benefits of treatment with an ACE inhibitor
and an ARB, when prescribed in an adequate dose, are similar (Table 6, Fig. 7) [80,81].
However, ARBs are associated with fewer adverse effects and, therefore, they could be
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considered the treatment of first choice. Although there are concerns that ARBs may exert
less effect on reducing vascular events, this could reflect the use of inadequate doses.
However, it is also possible that the full benefits of ACE inhibitors are not being observed
due to the widespread use of aspirin, a treatment that has not been shown to be effective
either in patients with heart failure nor long-term in patients who have had a myocardial
infarction [56,60]. As it is clear that aspirin reduces the benefits of ACE inhibitors [60,97]
but probably does not reduce the benefits of ARBs, this implies that in patients not treated
with aspirin ACE inhibitors remain the drug of choice.

WHY USE AN ARB?

To Improve Symptoms of Heart Failure

There is good evidence that, compared with placebo, ARBs improve the symptoms of
heart failure in patients with LVSD when used instead of ACE inhibitors [70,77,79,98].
There is also strong evidence that ARBs and ACE inhibitors improve symptoms to a
similar extent [99,100]. ARBs also appear to improve symptoms compared with placebo
when added to an ACE inhibitor [17], although the latter effect appears modest, requiring
treatment of about 20 patients to improve one patient by one NYHA class compared with
placebo. However, when the placebo effect is included, which corresponds better to the
patient’s experience, the effect may represent a substantial symptomatic benefit for one
patient in five.

The excess in adverse events should be set against the benefit on symptoms. Although
the placebo-subtracted rate of withdrawal for adverse events is relatively low (2% to 5%)
the absolute adverse event rate (more equivalent to the patient experience) may be 10%
to 20%.

However, these assumptions do not account for the fact that patients were being
closely monitored in clinical trials and knew that the treatment might be ineffective. As-
suming that treatment is being recommended, the true benefits may be larger and adverse
effects fewer than reported in a controlled trial. Conversely, the inclusion of patients with
more comorbidity may increase the adverse event rate.

There are insufficient data to evaluate the possible symptomatic benefits of ARBs
in patients with heart failure and preserved left ventricular systolic function.

To Reduce Hospitalization

There is compelling evidence that, compared with placebo, ARBs reduce hospitalizations
for worsening heart failure when used instead of ACE inhibitors and that this translates
into a reduction in all-cause hospitalization [19,75,80,81]. There is fairly good evidence
that ARBs and ACE inhibitors reduce hospitalizations to a similar extent [15,26,94]. There
is also good evidence that ARBs reduce heart-failure–related and all-cause hospitalization
compared with placebo when added on top of an ACE inhibitor and that the size of this
effect is also similar to the effect observed in ACE inhibitor naı̈ve patients, suggesting
that the benefits of treatment with this combination is additive [21,80,81,87]. In a recent
meta-analysis, combination therapy reduced all-cause mortality or hospitalization for heart
failure (odds ratio 0.90 [0.82–0.99]) and heart failure hospitalizations by about 20%, an
effect robust enough to reduce all-cause hospitalization [80,81].

The effects of ARBs on heart failure related hospitalization in patients with preserved
left ventricular systolic function were smaller and did not translate into a reduction in all-
cause hospitalization, leaving some uncertainty about the true effect in this subset of
patients [23].
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To Reduce Major Vascular Events

Unlike ACE inhibitors [40,84,85,101] there is little evidence that ARBs reduce the risk
of myocardial infarction. This conclusion must be viewed with caution in view of the
ability of ARBs to reduce death in patients with heart failure, some of which are likely
to have been vascular in origin. It is possible that ARBs and ACE inhibitors exert similar
effects on vascular events but that the effects are not additive. However, in CHARM-
Alternative there was no hint of a reduction in vascular events [19]. In studies of hyperten-
sion, ARBs appear effective in reducing stroke but have not reduced the risk of myocardial
infarction so far [1]. In studies of heart failure, ARBs have not reduced the risk of stroke.

To Reduce Mortality

There is conclusive evidence that ARBs reduce mortality in patients with heart failure
and LVSD in the absence of an ACE inhibitor [19,75,80,81]. In a recent meta-analysis
of heart failure trials, ARBs reduced mortality by 20% compared with placebo (exact
pooled odds ratio 0.79 [95% CI 0.66–0.94], without evidence of heterogeneity in outcome)
[80,81]. This is similar to the effect of ACE inhibitors compared with placebo in a recent
meta-analysis (odds ratio 0.83 [0.76–0.90]) [102]. Most but not all of these data are derived
from studies of patients who have been intolerant of ACE inhibitors. However, it is rational
to assume that patients who can tolerate an ACE inhibitor might obtain similar benefits,
although caution is still warranted due to the lack of evidence of an effect on coronary
vascular events in trials of heart failure or hypertension. The magnitude of the effect is
only similar to that observed with an ACE inhibitor when high doses of an ARB are used.
When lower doses of ARB are used there is evidence that they may be somewhat inferior
to high-dose ACE inhibition, although dose-ranging studies of ACE inhibitors themselves
have not shown a clear dose-response against mortality. Also, ACE inhibitors appear to
be disadvantaged by non–evidence-based therapy with aspirin and their benefits may be
greater if such treatment is eliminated [56,60,97].

In the presence of an ACE inhibitor, the overall data suggest no mortality benefit
from combination therapy compared with an ACE inhibitor only (odds ratio 1.08
[0.62–2.60] in trials of heart failure) [17,21,80,81]. There is no evidence of a mortality
benefit in patients with heart failure and preserved LV systolic function. (Figs. 3D,4D)

Adverse Effects

Cough

A persistent dry cough is undoubtedly a side effect of ACE inhibitors, especially among
women [19,20,103]. However, the amount of disability it causes is unclear. Cough is
reported spontaneously as an adverse effect in studies of ACE inhibitors in about 3% to
5% of cases, little higher than with placebo [101,104]. Some patients have a severe cough
due to ACE inhibitors but surprisingly, even if severe, do not report it spontaneously,
believing the side effect to be part of their illness. Cough can be disabling, physically
tiring the patient, and disrupting sleep; undoubtedly some patients ‘‘cough themselves to
death.’’ Cough does not appear to be a side effect of ARBs. Recurrence of cough when
patients are switched from an ACE inhibitor to an ARB is low. Cough was reported as a
side effect of ACE inhibitors in 5% of patients in VALIANT and 18.7% in OPTIMAAL.
Respective data for ARBs were 1.7% and 9.3%. Patients were rarely withdrawn for cough
on an ARB compared with an ACE inhibitor (2.5% vs. 0.6% in VALIANT; 4.1% vs.
1.0% in OPTIMAAL).
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The mechanism underlying ACE inhibitor-induced cough is unclear but may include
effects on pulmonary bradykinin or on mast cells [105,106]. Nonsteroidal antiinflammatory
drugs have enjoyed mixed success for the relief of cough but are strongly contraindicated
in patients with CHF due to their adverse renal effects. Sodium cromoglycate, a mast cell
stabilizer, may help [107,108]. Switching ACE inhibitors occasionally helps but this may
have more to do with the interruption of therapy than real differences between ACE
inhibitors. Anecdotally, ACE inhibitors may perpetuate cough due to a respiratory tract
infection; a drug-free interval may be all that is necessary to stop the cough, the patient
then being able to resume the same treatment. Switching patients who cough from ACE
inhibitors to ARBs seems a reliable way to avoid cough, and there is more evidence to
show that ARBs are safe and beneficial in CHF as there is evidence of safety for other
strategies for managing ACE inhibitor cough.

Angioneurotic Edema

Clinical trials of CHF have suggested that this side effect of ACE inhibitors is rare;
certainly less than 1% [19,20,101,104]. The mechanisms underlying this reaction are also
unclear but may be mediated by bradykinin and mast cells. Patients on renal dialysis are
at greater risk of angioneurotic reactions [109]. ARBs have not been shown to precipitate
more angioneurotic reactions than a placebo.

Hypotension

Serious hypotension was generally no more common with ARB than ACE inhibitor mono-
therapy. Patients who do not tolerate an ACE inhibitor because of hypotension will com-
monly not tolerate an ARB [20,98]. Initial doses of either may precipitate acute hypotension
indicating that patients should be started on small doses and that patients on large doses
of diuretic or with a low arterial pressure, should be observed for a few hours after dosing
[35,70,110–112]. The existing data provided in the studies need to be interpreted with
caution because they generally fail to distinguish clearly between syncope, a hemodynamic
crisis, and symptomless hypotension.

Renal Dysfunction

Renal dysfunction is most likely to occur when ACE inhibitors are given to very elderly
patients (older than 75 years), patients with severe CHF and those with preexisting renal
disease. No differences in the effects of ACE inhibitors and ARBs on renal function in
heart failure have been noted so far [14]. However, it is likely that patient selection
excluded many at increased risk for renal dysfunction. Addition of an ARB to an ACE
inhibitor may double the risk of the need to withdraw therapy due to worsening renal
function (from 4.1% to 7.8% in CHARM-Added; 0.2% to 1.1% in Val-HeFT) [17,21].
ARBs, like ACE inhibitors, appear to reduce proteinuria and retard the long-term decline
in renal function in non–heart-failure patients [113–115]. The significance of the uricosuric
effect of losartan, an effect that may not be shared with other ARBs, is uncertain [67].

Are the benefits and side effects of ARBs dose related?

Studies investigating a dose-response in hemodynamics, neuroendocrine effects, effects
on ventricular function and remodeling, and on symptoms and exercise capacity all suggest
a dose-response but have not convincingly shown where the top of the dose response lies
[16,70,116]. It is notable that in CHARM, the most successful ARB study so far, the target
dose was double the highest dose used in any published dose-response study with this
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Table 8 Dose Response Studies with ARBs in Chronic Heart Failure and Clinical Outcomea

Drug Outcome Placebo 2.5 mg 10 mg 25 mg 50 mg

Losartan (70) Worsening 26% NR 20% 10% 9%
n � 134 Improvement NR NR NR 48% 52%
Drug
Irbesartan (116) Not Studied 12.5 mg 37.5 mg 75 mg 150 mg
n � 218 Discontinuation Not Studied 9.3% 11.1% 3.6% 1.8%

for worsening
Drug
Candesartan Enalapril 4 mg 8 mg 16 mg Combination

(RESOLVD) (16)
N � 768 Death 3.7% 6.3% 7.4% 4.6% 8.7%

Death or CHF 9.2% 15.3% 20.4% 14.8% 17.5%
hospitalization

Candesartan Placebo – 4 mg 8 mg 16 mg
(STRETCH) (77)

n � 926 Symptoms and –
exercise capacity

NR, not reported.
a Trends to prevention of worsening with higher doses were not statistically significant in the studies with
losartan and irbesartan.

Improvement in symptoms with all
doses of candesartan compared to
placebo.

Dose-related improvement in
exercise capacity

agent. In contrast, there is no evidence of a dose-response in terms of death or hospitaliza-
tion in dose-response studies. However, the failure of lower doses of losartan to have
equivalent effects to high-dose captopril [15,26,115] and the magnitude of the effect of
high-dose candesartan in CHARM, implies that larger doses may be more effective. The
HEAL study, comparing losartan 50 mg/day with 150 mg/day in patients with heart failure
who are ACE intolerant, may provide some insights. Studies of hypertension suggest that
there is also an important dose-response in this setting [117]. (Table 8)

Are There Clinically Relevant Differences Between ARBs?

The current evidence is consistent with a class-effect. Possible differences in outcome
appear to owe more to differences in dose. Pharmacokinetic differences may dictate how
often the treatment should be given. The possible different effect of losartan on uricosuria
is of uncertain significance. Studies of hypertension suggest that there may be differences
in potency between ARBs [117] with the maximum blood pressure reduction that can be
achieved with losartan being about 3 mmHg less than that achieved with candesartan.

Are There Important Interactions Between ARBs and Other Classes of
Drug Used in Heart Failure?

The CHARM-Program suggested no interaction with background therapy [22]. Of note,
earlier concerns about a potential interaction with beta-blockers were laid to rest [21,22].
However, a potential synergistic interaction between beta-blockers and ACE inhibitors
that is absent with ARBs cannot be discounted.

ARBs increase the risk of hyperkalemia and, therefore, there is a potential for an
adverse interaction with aldosterone antagonists. Relatively few patients (n � 1272) were
taking spironolactone in CHARM and only 437 patients were in the CHARM-Added trial
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[22]. Trends to less effect in this subgroup of patients were not significant in the overall
analysis, but data on the safety and utility of quadruple therapy with ACE inhibitors, beta-
blockers, aldosterone antagonists, and ARBs are unclear.

There is strong evidence for an adverse interaction on mortality between ACE inhibi-
tors, but not ARBs, and aspirin [56–61,97]. In addition, one small (n � 16) cross-over
study with 3 week treatment periods suggested that the improvement in exercise capacity
with losartan but not enalapril could be inhibited by aspirin [118].

Heart Failure in the Absence of Left Ventricular Systolic Dysfunction

The CHARM-Preserved study provides weak support for the use of an ARB in patients
with heart failure and preserved LVSD. The small observed benefit may be due to improved
control of blood pressure. Metzger and colleagues [119] performed a randomized, double-
blind, placebo-controlled, crossover study of 2 weeks of losartan (50 mg/day) with a
2-week washout period on 20 patients with normal LV systolic function (EF �55%), no
evidence of ischemia, a mitral flow velocity E/A less than 1, normal resting SBP (�150
mmHg), but a hypertensive response to exercise (SBP �200 mmHg). The primary outcome
measures were exercise tolerance and quality of life. After 2 weeks of losartan, peak SBP
during exercise decreased by 30 mmHg (p�0.01), and exercise time increased by about
60 seconds compared with placebo. Quality of life improved with losartan compared to
baseline and placebo.

CONCLUSIONS

ARBs are a substantial step forward in the treatment of heart failure. ARBs are superior
to placebo in improving symptoms, morbidity and mortality in patients with CHF who
are intolerant of ACE inhibitors or who have contraindications to them. It seems likely
that adequate doses of ARBs are as effective as ACE inhibitors and their tolerability profile
is impressive. In women, in whom the incidence of ACE inhibitor cough is high, and in
patients with a history of multiple allergies or on renal dialysis that could predispose to
angioedema, some might consider ARBs as the initial treatment of choice. However, the
lack of an effect on vascular events raises the possibility that all the benefits of ACE
inhibitors are not replicated by ARBs and that activation of the bradykinin/prostaglandin
pathway is an important mechanism of ACE inhibitor benefit, although potentially attenu-
ated by the use of aspirin.

ARBs do not reduce mortality when added to an ACE inhibitor but do improve
symptoms and reduce hospitalizations. The benefits appear sufficiently large that such
treatment can be advised in many patients, especially those at highest risk of such events.
Health economic analyses of cost-effectiveness are awaited.

The data on heart failure with preserved LV systolic function are insufficient to
make any strong recommendation. The trends observed are encouraging. Greater under-
standing of this population and focus on subgroups with increased risk (for instance those
with increased brain natriuretic peptide) or that have a substrate upon which ARBs are
likely to work (hypertension) may increase the benefits obtained.
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SYNOPSIS

Circulating aldosterone levels are elevated in relation to heart failure severity and affect
left ventricular remodeling following acute myocardial infarction. Potential deleterious
effects include endothelial dysfunction, increased oxidative stress, enhanced platelet acti-
vation, activation of matrix metalloproteinases, and increased sympathetic neuronal activa-
tion. The mineralocorticoid receptor (MR) antagonist, spironolactone, has been shown to
reduce all-cause mortality and sudden cardiac death risk in patients with advanced chronic
heart failure by 30%. Similarly, eplerenone can attenuate adverse post-MI (myocardial
infarction) ventricular remodeling and has been shown to reduce all-cause mortality and
sudden cardiac death following myocardial infarction. Future controlled clinical trials will
test the hypothesis that MR antagonists will have beneficial effects on cardiovascular
mortality and ventricular function among patients with asymptomatic left ventricular dys-
function or mild to moderate heart failure symptoms.

INTRODUCTION

The outlook for patients with chronic heart failure secondary to systolic left ventricular
systolic dysfunction (SLVD) has improved significantly over the past two decades through
the routine use of ACE inhibitors, beta-blockers, � diuretics, and digoxin. Although ACE
inhibitors alone or in conjunction with �-blockers have been shown to result in a significant
reduction in cardiovascular morbidity and mortality in these patients [1,2], the mortality
in this patient population remains relatively high. Recent attempts to further reduce morbid-
ity and mortality in these patients beyond traditional approaches have been disappointing.
For example, endothelin antagonists [3], TNF� antibodies [4,5], angiotensin II type I
receptor antagonists [6], and angiotension converting enzyme-neutral endopeptidase inhib-
itors [7] have all failed to significantly reduce mortality. In contrast, targeting the aldoste-
rone axis with the mineralocorticoid receptor (MR) antagonist spironolactone has been
shown to reduce mortality in patients with severe heart failure treated with an ACE-
inhibitor with or without a beta-blocker by 30%.8 (Fig.1) The application of this strategy
to patients with mild-to-moderate heart failure is currently limited by the lack of evidence
that MR antagonists are effective in reducing mortality in these patients. The patients
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Figure 1 The study design of EPHESUS (Eplerenone Post-AMI Heart Failure Efficacy and
Survival Study).

randomized in the RALES trial had severe heart failure as evidenced by a greater than
20% per year mortality rate in the placebo group. The use of �-blocking agents was
relatively low in this study (10% to 11%) and can be attributed to the fact that at the time
this study was initiated, definitive evidence for the effectiveness of �-blocking agents in
reducing mortality was not yet available, especially in patients with severe heart failure
[2]. The results of the recently concluded EPHESUS study [9] in patients with evidence
of systolic left ventricular dysfunction and heart failure post–myocardial infarction, (the
majority of whom were treated with both an ACE-inhibitor and a beta-adrenergic-blocking
agent,) suggest, however, that mineralocorticoid antagonists will have a beneficial effect
on cardiovascular mortality in patients with mild-to-moderate congestive heart failure.
(Fig. 2) It is also likely that patients with asymptomatic systolic left ventricular dysfunction,
treated with both an ACE-inhibitor and a �-blocker will benefit from this approach. The
application of this therapeutic strategy to patients with mild-to-moderate heart failure and

Figure 2 Risk of total mortality during follow-up in the EPHESUS study (Ref 9).
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asymptomatic systolic left ventricular dysfunction, however, must await well-designed,
prospective, randomized clinical trials. As a framework for the potential applicability of
MR antagonists in these situations, we will discuss pertinent mechanisms by which MR
antagonists reduce mortality. These mechanisms should be viewed as providing a basis
for the design of future large-scale randomized studies in situations other than systolic
heart failure, rather than as a call for immediate therapeutic application. Although the
focus of this discussion will be on patients with chronic heart failure due to systolic
left ventricular dysfunction and those with systolic left ventricular dysfunction following
myocardial infarction, it must be acknowledged that many of the mechanisms are common
to heart failure patients in general and occur in chronic heart failure due to preserved
systolic function as well (diastolic dysfunction). Thus, although clinical evidence from
large-scale prospective randomized trials is lacking in patients with heart failure due to
diastolic heart failure, it can be speculated that MR antagonists may have a major role in
these patients as well.

THE EFFECT OF ALDOSTERONE RECEPTOR ANTAGONISTS ON
SODIUM EXCRETION AND DIURESIS

The effects of aldosterone on the renal MR have been appreciated for several decades.
Aldosterone antagonists have an important natriuretic and diuretic effect and high doses
of spironolactone have been shown to be effective in inducing diuresis in patients with
chronic heart failure who become resistant to loop diuretics [10–12]. Although in experi-
mental animal models, subhemodynamic doses of spironolactone seem to exert a signifi-
cant diuretic effect when combined with an ACE-inhibitor [13], it is unlikely that the
beneficial effects of spironolactone in RALES can be attributed to its diuretic effect alone.
In the RALES study, patients in New York Heart Association (NYHA) class IV were
shown to have a significantly greater sodium retention score than those in NYHA class
III heart failure [14]. However, there was no significant difference in the sodium retention
score either in NYHA class III or class IV patients randomized to spironolactone or
placebo. It should also be emphasized that patients in the RALES trial were on standard
doses of a loop diuretic and that clinicians could increase the dose of loop diuretic at any
time during the trial. Previous studies by Sharpe and his colleagues [15] have shown that
loop diuretics do not prevent ventricular remodeling in patients with chronic heart failure
due to systolic left ventricular dysfunction. In a retrospective analysis of the SOLVD trials,
Cooper and his colleagues [16] have suggested that loop diuretics are not effective in
reducing death due to progressive heart failure, whereas potassium sparing diuretics,
mainly spironolactone, were shown to reduce death due to progressive heart failure. In
the EPHESUS trial [9], although only a minority of the deaths could be attributed to
progressive heart failure, there was also a trend for a reduction in death due to progressive
heart failure in patients randomized to eplerenone in comparison to placebo. The number
of deaths attributed to progressive heart failure in the EPHESUS trial was rather small
(n � 231; 3.5%), however, there was no evidence of a major diuretic effect of eplerenone
at a mean of 43 mg daily in comparison to placebo. Thus, although MR antagonists reduce
death due to progressive heart failure in patients with severe chronic heart failure due to
systolic left ventricular dysfunction and in patients with systolic left ventricular dysfunction
post–myocardial infarction, their natriuretic and diuretic effects do not appear to be major
factors. It is, however, possible that both spironolactone (25 mg) and eplerenone (50 mg)
when used in combination with an ACE inhibitor may induce diuretic effect, as evidenced
by an increase in serum potassium [9]. At higher doses, both of these agents can be
expected to have important diuretic effects and may be useful in patients with volume
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overload who become resistant to loop diuretics [10–12]. When used at these higher
doses, serum potassium should be monitored frequently and the dose reduced to that
recommended in the RALES [14] and EPHESUS [9] trials as soon as possible. Serum
potassium should also be monitored at least 1, 2, and 4 weeks after initiating therapy with
either of these agents or after increasing their dose, and then every 3 months thereafter.
Although there is a potential risk of serious hyperkalemia (potassium � 6.0 meql) when
on an MR antagonist, especially when used in conjunction with an ACE inhibitor or an
angiotensin-receptor-blocking agent and a �-blocker, this risk is low (� 2 %) in patients
with preserved renal function. For example in the RALES [14] and EPHESUS [9] trials
in which patients with a serum creatinine greater than 2.5 mg/dL or a potassium greater
than 5.0 mEq/L were excluded, there were no deaths attributable to hyperkalemia in almost
4000 patients exposed to these drugs. There was a small but statistically significant increase
in serum potassium in patients randomized to spironolactone in comparison to placebo;
however, serum potassium levels remained within the normal therapeutic range in both
these trials. The fact that there were no deaths attributable to hyperkalemia in these trials
can, in part, be attributed to the fact that serum potassium in these trials was closely
monitored and the dose of aldosterone blockade adjusted according to serum potassium
levels. In clinical practice, where patients may not be as closely monitored as in a random-
ized trial, it may be prudent to further define the extent of renal dysfunction that would
contraindicate the use of this agent, such as a calculated creatinine clearance cut off of
less than 30 ml/min rather than a serum creatinine of greater than 2.5mg/dL. If one attempts
to use MR antagonists in patients with compromised renal function, such as those with a
creatinine clearance greater than 30 ml/min but less than 50 ml/min, serum potassium
should be closely monitored, especially in those patients with concomitant diabetes mel-
litus.

EFFECTS OF MR ANTAGONISTS ON VENTRICULAR REMODELING

Ventricular remodeling with a progressive increase in left ventricular end-systolic volume
and end-diastolic volume has been suggested to be of importance in the morbidity as well
as mortality associated with chronic heart failure. Several mechanisms, including myocyte
apoptosis and alterations in the myocardial cytoskeleton–including progressive collagen
formation with a resultant stiffening, and diastolic dysfunction have been implicated in
this process. In experimental studies, aldosterone appears to be a key determinant of
fibrosis. (Fig. 3) The mechanism by which aldosterone induces these effects is a topic of
active investigation, but sodium appears to be an important determinant [17]. Among
other potentially important mechanisms, aldosterone may independently induce collagen
synthesis at a transcriptional level, although this finding has not always been reproduced
[18–20]. Also, aldosterone either alone or in conjunction with glucocorticoids, appears to
upregulate AT-1 receptor density [21,22]. Increased PAI-1 expression and activity could
exert independent profibrotic effects as well, perhaps through reduction in plasmin levels
and reduced activation of matrix metalloproteinases [23,24] Recently, it has been postu-
lated that inflammation could underlie the excessive collagen deposition noted with aldo-
sterone. Rocha and colleagues have shown that aldosterone administration is associated
with activation of osteopontin and MCP-1 with subsequent diffuse microvascular inflam-
mation. It appears, at least in this animal model, that the perivascular fibrosis occurs
subsequent to this microvascular inflammation, with damage especially in the heart, kid-
neys, and brain [25]. In concordance with the insights gained in experimental animal
models, in which aldosterone exerts positive effects on collagen deposition, these profi-
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Figure 3 Photomicrographs of coronary vascular remodeling in hyperaldosteronism rats.
(A) Panel shows a section from a normal heart with evidence of a normal intramural coronary
artery surrounded by a small amount of fibrillar collagen. (B) Panel shows a section of
myocardium from a rat administered aldosterone and sodium. It shows marked perivascular
fibrosis of coronary vessels and of the interstitial space between myofibrils. (Sirus red stain-
ing and polarized light, X 40.) (Ref 25a)

brotic effects can be prevented by the administration of an MR antagonist. MR antagonists
have been shown to prevent progressive ventricular remodeling and collagen formation
in patients with chronic heart failure [15,26]. In a canine model of chronic heart failure,
Suzuki and colleagues have shown that eplerenone prevents ventricular remodeling, and
collagen formation [27]. In a rat model of heart failure after myocardial infarction, Wang
and colleagues have shown that the combination of eplerenone and an ACE inhibitor is
better than either agent alone in preserving ventricular function and in preventing ventricu-
lar remodeling [28]. There is increasing data to show that aldosterone antagonists are
effective in patients with chronic heart failure in reducing progressive collagen formation
[29–31]. Collagen formation, a fundamental determinant of myocardial stiffness correlates
with diastolic ventricular dysfunction and may be an important predictor of subsequent
heart failure [32]. Progressive collagen formation as evidenced by an increase in the
circulating levels of fragments of procollagen type III (amino-terminal peptide [PIIINP])
and procollagen type I (carboxy-terminal peptide [PICP], procollagen type I amino-termi-
nal peptide [PINP]) was measured in a RALES substudy [30]. In this study, the survival
benefit was most predominant in subgroups with PICP, PINP, and PIIINP baseline levels
above median, reflecting on-going collagen formation. Patients with baseline PIIINP
greater than.85 �g/L, compared with patients with PIIINP less than 3.85 �g/L, had a
relative risk of death of 2.36 (95% CI 1.34 to 4.18, P � 0.003) and a relative risk of
death and/or CHF hospitalization of 1.83 (95% CI 1.18 to 2.83, P � 0.007). Spironolactone
was shown to significantly reduce levels of PIIINP in this study [30].

An increase in serum potassium as a consequence of MR antagonism may also
underlie some of the effects of MR antagonism in preventing myocardial fibrosis, at
least in experimental models [33]. However, Martinez and co-workers have shown that
modulating potassium levels through supplementation is not as effective as eplerenone in
preventing vascular damage and fibrosis [34]. Similarly, Struthers and colleagues have
compared the potassium sparing diuretic amiloride to spironolactone in patients with heart
failure due to systolic left ventricle dysfunction [35]. At relatively similar potassium levels,
spironolactone but not amiloride was effective in improving endothelial function and de-
creasing serum markers of collagen formation. This suggests that the beneficial effects of
MR antagonists are not entirely due to an increase in serum potassium.
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MR antagonists have also been shown to be effective in preventing the progression
of left ventricular hypertrophy [36]. Left ventricular hypertrophy has been shown to be
an important marker of cardiovascular risk and subsequent heart failure. In the 4E study,
eplerenone 200 mg daily was compared with enalapril 40 mg daily and the combination
of eplerenone 200 plus enalapril 10 mg daily in patients with hypertension and baseline
evidence of left ventricular hypertrophy by magnetic resonance imaging (MRI) [37]. Epler-
enone was found to be equally effective to enalapril in reducing blood pressure, left
ventricular hypertrophy, and microalbuminuria in these patients. However, the effect of
eplerenone/enalapril in reducing LVH by MRI (�27.2 g) was significantly better than
eplerenone alone (�14.5 g, p � 0.007) and trended strongly positively in comparison to
enalapril alone (�19.7 g).

ALDOSTERONE AS AN INFLAMMATORY MEDIATOR

An emerging paradigm is that of aldosterone as an inflammatory mediator. In the geneti-
cally hypertensive animal model, the stroke-prone hypertensive rat (SHR), exogenous
aldosterone in the presence of an ACE inhibitor accentuates end-organ damage in the
heart and the kidney through proinflammatory effects [38]. (Fig. 4) Conversely, the usage
of spironolactone in this animal model in subhemodynamic doses decreased proteinuria,
histologic evidence of inflammatory injury, and improved survival in comparison to control
animals [39]. These effects may relate to the ability of aldosterone to increase free radical
production. Recent data from Virdis and colleagues support the ability of aldosterone to

Figure 4 A role for the mineralocorticoid receptor (MR) in maladaptive adaptations in the
cardiovascular system. NO, nitric oxide; ROS, reactive oxygen species; NO, nitric oxide;
HRV, heart-rate variability; NAD(P)H, Nicotinamide adenine dinucleotide phosphate; PAI-
1, plasminogen activator inhibitor-1; NF-kB, Nuclear factor kappa B; AP-1, Activator protein
–1; BRS, Baroreflex sensitivity; NE, Norepinephrine.
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drive free radical production, independent of angiotensin II [40]. As such, these observa-
tions confirm the ability of aldosterone to activate free radical mediated transcription
pathways such as NF-�B and AP-1 signaling pathways [41]. The inflammatory pathways
activated by aldosterone may be compounded in a positive feedback manner by the effect
of aldosterone on the expression of ACE expression[42,43]. These effects of aldosterone
are completely abolished by MR antagonists suggesting an MR mediated effect and lend
credence to the concept that antagonizing the MR may exert powerful antiinflammatory
effects. These effects of MR antagonists collectively may have important implications for
the therapy of heart failure and other cardiovascular disease, such as atherosclerosis.

EFFECTS OF MR ANTAGONISTS ON VASCULAR TONE

Individuals with heart failure demonstrate marked abnormalities in endothelial function
and this may underlie some of the counter-regulatory mechanisms that potentiate heart
failure [44,45]. Therapies that modulate endothelial function may, thus, be applicable for
the treatment of heart failure. An important effect of MR antagonists that may be relevant
in patients with heart failure is their favorable effects on the nitric oxide pathway and
endothelial function. In a double-blind, crossover study of patients with mild-to-moderate
heart failure maintained on an ACE inhibitor, spironolactone was found to significantly
improve endothelial function in comparison to placebo as assessed by venous occlusion
plethysmography [46]. This effect was associated with evidence of a significant decrease
in serum ACE activity [46]. Studies in rats with experimental heart failure have shown
that MR antagonists prevent the free radical scavenging of nitric oxide by superoxide and
markedly synergize with ACE inhibitors in improving aortic endothelial function [13].
Experimental studies in the lipid fed rabbit model have shown that eplerenone significantly
decreases vascular NADPH-NADH oxidase activity and oxygen free radical production
in atherosclerosis with a resultant increase in endothelial function [47]. Thus, there are a
number of potential mechanisms whereby aldosterone antagonists may prevent the progres-
sion of heart failure and/or to prevent its occurrence. Although it is difficult to be certain
which (if any) of these mechanisms are most important in a particular patient, there is
clear evidence that MR antagonists are effective in preventing the progression of severe
heart failure and reducing death in progressive heart failure as well as hospitalization due
to heart failure in patients with SLVD [8,9].

PREVENTION OF SUDDEN CARDIAC DEATH

MR antagonists have also been shown to lower the risk of sudden cardiac death in patients
with severe heart failure due to SLVD (risk ratio: 0.71 [0.54–0.95], p � 0.02) as well as
in post-MI patients with SLVD (risk ratio: 0.79 [0.64–0.97], p � 0.03) [8,9]. Although
death due to progressive heart failure is the most frequent cause of death in patients with
severe heart failure, sudden cardiac death is more important in those with less severe heart
failure and those post–myocardial infarction. A number of potential mechanisms may
explain the effectiveness of MR antagonists in reducing sudden cardiac death, including
a lower incidence of hypokalemic-induced ventricular arrhythmias, improved endothelial
function, reduced oxidative stress, attenuation of platelet aggregation, decreased activation
of matrix metalloproteinases, and improved ventricular remodeling [9]. Further, aldoste-
rone blockade has also been reported to decrease sympathetic neuronal activation and
improve heart-rate variability [27,49].
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EFFECTS ON THE AUTONOMIC NERVOUS SYSTEM

MR antagonists have been shown to increase myocardial norepinephrine uptake and, there-
fore, reduce circulating norepinephrine levels [48]. This has been accompanied by a de-
crease in ventricular ectopic activity and ventricular arrhythmias. MR antagonists, adminis-
tered systemically, have also been shown to reduce central sympathetic activity [49].
Recent experimental studies have suggested that TNF-�, which is elevated in heart failure,
can cause an increase in PGE2, which can cross the blood brain barrier and activate MRs
in the paraventricular nucleus (PVN), resulting in an increase in sympathetic activity, salt
craving, volume expansion, and a further release of TNF-� [49]. MR antagonists have
also been shown to improve heart-rate variability, baroreceptor function, and QT dispersion
[50]. Heart-rate variability and QT dispersion have been shown to be important predictors
of sudden cardiac death. The explanation for the effectiveness of MR antagonists on heart-
rate variability and baroreceptor function may potentially relate to the fact that they increase
nitric oxide availability [51].

MYOCARDIAL FIBROSIS

Another mechanism important for both death due to progressive heart failure and sudden
cardiac death is the effect of MR antagonists on collagen turnover. Progressive myocardial
collagen formation is associated with an inhomogeneity in ventricular conduction, ventric-
ular arrhythmias, and propensity to sudden cardiac death. Aldosterone blocks the uptake
of norepinephrine into the myocardium and, therefore, increases circulating norepinephrine
levels, whereas an MR antagonist increases myocardial uptake of norepinephrine, and
decreases circulating norepinephrine levels [48,52]. A decrease in circulating norepineph-
rine levels, associated with an increase in heart-rate variability and baroreceptor function,
could be of importance in the effectiveness of MR antagonists in reducing sudden cardiac
death. Sudden cardiac death in some circumstances may also be related to thrombosis and
to platelet embolization of the coronary arteries. MR antagonists have recently been shown
to significantly decrease platelet P selectin and fibrinogen activity and, therefore, should
decrease platelet activation [53]. MR antagonists have also been shown to alter fibrinolytic
balance by decreasing PAI-1 levels [24]. An increase in PAI-1 and the ratio of PAI-1:
tPA has been shown to be associated with an increase in ischemic events, and could be
an important factor in sudden cardiac death.

EMERGING THEMES IN MR ANTAGONISM: IS IT THE LIGAND, THE
RECEPTOR, OR BOTH?

Although the mechanisms previously outlined for the prevention of death due to progres-
sive heart failure and sudden cardiac death are of importance, some further discussion as
to why MR antagonists are effective is warranted. Aldosterone in conjunction with an
increase in serum sodium intake, has been shown to have important pathophysiological
effects on inflammation, subsequent myocardial and perivascular fibrosis, thrombosis,
ventricular hypertrophy, and autonomic dysfunction. In support of these findings, aldoste-
rone levels are predictive of cardiovascular mortality in patients with severe chronic heart
failure [54]. Since ACE-inhibitors do not appear effective in suppressing angiotensin II
or aldosterone formation over the long run in patients with heart failure or hypertension
[55–58], it is not surprising that MR antagonists would be effective under these circum-
stances.
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The predictive value of aldosterone levels in patients with mild-to-moderate heart
failure or in hypertension is less certain because aldosterone levels do not predict events
or hypertrophy. Nonetheless, MR antagonists have also been shown to be effective in
correcting many of these pathophysiologic mechanisms. One possibility is that tissue
levels of aldosterone may be elevated without a measurable increase in serum levels. MR
antagonism could, therefore, exert a beneficial effect at the tissue level independent of
any effect on serum levels. An alternate explanation that is particularly intriguing is the
fact that inhibiting MR may block its activation by alternate ligands, such as cortisol.
Under ordinary circumstances cortisol can bind to MR and activate it. However, owing
to the presence of the enzyme 11 beta hydroxysteroid dehydrogenase (11�HSD-2), cortisol
(corticosterone in rodents) is rapidly inactivated to cortisone (dehydrocorticosterone in
rodents) (Fig. 5) [59]. The activity of this enzyme is such that cortisol is completely
deactivated in the kidney. Another isoform of this enzyme 11bHSD 1, functions as a

Figure 5 The role of the 11 beta hydroxysteroid dehydrogenase 2 (11�HSD-2) system
in preserving mineralocorticoid receptor (MR) exclusivity to mineralocorticoids in humans.
11�HSD-1 plays an important role in regeneration of glucocorticoids in the liver as well as
extra-hepatic tissues, such as the heart and vasculature.
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reductase and is an important activator, and converts cortisone to cortisol [60]. Under
conditions of 11bHSD deficiency, cortisol could almost exclusively occupy MR and acti-
vate it. The recent discovery of these enzymes in the vasculature and in the heart raises
the possibility of glucocorticoid-mediated MR activation [61,62]. Further, these enzymes
appear to be regulated by stressors such as inflammatory cytokines, hyperglycemia, and
hypoxia [59,63,64]. For example, in the streptozotocin-induced diabetic rat model, aldoste-
rone levels are reduced along with a concomitant decrease in renal 11HSD-2 activity [64].
These animals develop severe hypertension that can be corrected by spironolactone, which
increases 11HSD-2 activity, thereby decreasing the availability of cortisol for occupying
the mineralocorticoid receptor. Thus, it can be postulated that MR antagonists will be
effective both in situations in which aldosterone levels are elevated, such as in severe
chronic heart failure, but also in a variety of circumstances with increased oxidative stress,
such as mild-moderate heart failure, essential hypertension, or atherosclerosis, in which
circulating aldosterone levels may be within normal limits.

CONCLUSION

The demonstration of the effectiveness of MR antagonists in severe chronic heart failure
in the RALES trial [14] and in postinfarction patients with left ventricular dysfunction in
the EPHESUS trial, has expanded the horizon of utility of these agents. Although the
mechanisms previously discussed are likely of pathophysiological importance, the further
application of these principles to patients with mild heart failure secondary to SLVD,
asymptomatic SLVD, and diastolic heart failure should await the application of well-
designed prospective randomized studies with mortality and/or morbidity as endpoints.
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SYNOPSIS

Approaches under clinical investigation to modify systemic mediators of heart failure
progression include specific and broad-spectrum immunotherapies, agents targeting the
activity of endothelin-1, the use of synthetic homologues of human B-type natriuretic
peptide, vasopeptidase inhibitors, and vasopressin antagonists for both chronic and acute
heart failure. Although experimental observations from the laboratory follow a logical
process for development into clinical practice, it has become clear that the clinical utility
of individual therapies requires meticulous clinical research that frequently encounters
failure. Active clinical studies utilizing broad-spectrum antiinflammatory therapies, includ-
ing immunomodulatory strategies, may provide the next generation of therapy in chronic
heart failure. With regards to acute heart failure, we have seen clear documentation of
hemodynamic benefits with the therapeutic use of recombinant type-B natriuretic peptide,
and further investigation is ongoing with the nonspecific endothelin-1 antagonist tezosen-
tan. Most importantly, the latest generation of clinical trials for heart failure has shown
us that further development in this area will require the demonstration not only of hemody-
namic, serologic, and symptomatic improvement, but also of disease-modifying effects
on morbidity and mortality.

INTRODUCTION

The pathogenesis of heart failure has evolved from the relatively straightforward concept
of heart failure as myocardial pump failure, to the understanding that the major determinant
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of heart failure progression is the persistent overactivation of various compensatory hor-
monal systems. Evidence has clearly demonstrated that intervention to modulate compen-
satory neuroendocrine systems through beta-adrenergic blockade and/or inhibition of the
renin-angiotensin system can improve outcomes in chronic heart failure [1–4]. In contrast,
clinical studies of ionotropes, such as dobutamine [5], vesnarinone [6], or milrinone [7],
that directly address the mechanical pump failure by improving cardiac contractility have
consistently been associated with increased mortality.

In addition to changes in the beta-adrenergic and renin-angiotensin pathways, it has
now become clear that in the ‘‘heart failure state’’ there is activation of the inflammatory
system that results in the production and release of proinflammatory cytokines, activation
of the complement system, production of autoantibodies, and overexpression of class II
MHC (major histocompatibility complex) molecules as well as adhesion molecules that
may perpetuate the inflammatory state. The recognition of this new pathway of activation
in heart failure has led to the investigation of new therapies aimed to block, modify, or
prevent the systemic inflammatory state. In this chapter, we will discuss current approaches
under investigation to modify systemic mediators of heart failure progression, including
specific immunotherapy targeting cytokines, broad-spectrum immunotherapies–including
immunoglobulin infusion, immunoadsorption and immunomodulatory therapy, therapies
targeting the activity of endothelin 1 in both chronic and acute heart failure, the use of
synthetic homologues of human B-type natriuretic peptide, vasopeptidase inhibitors, and
vasopressin antagonists in chronic and acute heart failure.

IMMUNOTHERAPY IN HEART FAILURE

Ample evidence exists that heart failure is associated with the activation of the immune
system resulting in elevated levels of proinflammatory cytokines. Cytokines play an essen-
tial role in the propagation and magnification of the immune response by recruiting cells
to the area of inflammation, and stimulating cell proliferation and differentiation. In pa-
tients with heart failure, elevated levels of interleukin-1 (IL-1), interleukin-6 (IL-6) and
tumor necrosis factor-� (TNF-�) are found [8–10]. Perhaps the best characterized inflam-
matory molecule in heart failure is TNF-�, and direct antagonism of this cytokine has
been an area of intensive investigation.

Normal myocardium does not contain TNF-� but expresses both of its receptors,
TNF-R1 and TNF-R2. In failing myocardium, however, there is increased expression of
TNF-� and the receptors for TNF-� are downregulated [11]. Furthermore, circulating
levels of TNF-� are also elevated in patients with heart failure, and the degree of elevation
correlates with worsening of heart failure ([Fig. 1) [12]. These observations in humans,
as well as the demonstration that in experimental animals TNF-� was capable of inducing
reversible myocardial dysfunction [13] resulted in the evaluation of the role of this neuro-
hormonal pathway as target of therapeutic intervention, and opened up a new area of
investigation into inflammation as a contributor to heart failure.

Specific Cytokine Antagonism

Etanercept

Two large, randomized clinical trials in which patients with moderate-to-severe heart
failure were treated with etanercept, a human recombinant TNF-� receptor that binds and
inactivates circulating TNF-� molecules, were launched in the United States (Randomized
Etanercept North American Strategy to Study Antagonism of Cytokines, RENAISSANCE)
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Figure 1 Level of tumor necrosis factor-� (TNF-�) in normal subjects and patients in New
York Heart Association functional classes I–III. Patients’ TNF-� levels were elevated in
direct proportion to their functional class (p � 0.001 by analysis of variance). (From Ref.
12.)

and in Europe and Australia (Research into Etanercept Cytokine Antagonism in Ventricular
Dysfunction, RECOVER). The RENAISSANCE trial randomized 925 patients with
NYHA (New York Heart Association) class II, III, or IV heart failure and left ventricular
ejection factor (LVEF) less than or equal to 30 to placebo or 25 mg etanercept 2 or 3
times per week (mean follow-up 12.7 months). The primary endpoint was a combined
endpoint of all-cause mortality or hospitalization from CHF (chronic heart failure). No
improvement was seen in either etanercept group, and in fact there was a nonsignificant
trend toward an increase in the combined endpoint in the treated groups (Table 1) [14].

The RECOVER trial randomized 1123 patients with NYHA class II, III, or IV heart
failure and LVEF 30 or less to placebo or 25 mg etanercept 1 or 2 times per week (mean
follow-up 5.7 months). Again, the endpoint was a composite of all-cause mortality or
hospitalization from CHF. No effect, positive or negative was seen in the treated groups as
compared with placebo (Table 1). Both RENAISSANCE and RECOVER were terminated
prematurely for lack of benefit [14].

Infliximab

Infliximab is a chimeric monoclonal antibody that binds and inactivates circulating TNF-�.
The ATTACH trial (Anti-TNF-� Therapy Against CHF), a phase II study, enrolled 150

Table 1 Results of Trials of TNF-α Antagonism in Patients with NYHA Class II–IV CHF and
LVEF 30 or Less

Combined endpoint of all-cause mortality and CHF
hospitalization relative risk (95% confidence interval)

Etanercept 25 mg q Week 25 mg BIW 25 mg TIW

RENAISSANCE (n�925) 1.21 (0.92, 1.58) 1.23 (0.94, 1.61)
RECOVER (n�1123) 1.01 (0.72, 1.41) 0.87 (0.61, 1.24)

Infliximab 5 mg/kg 10 mg/kg

ATTACH (n�150) 0.80 (0.22, 2.99) 2.84 (1.01, 7.97)

Source: From Ref. 14.



Wallace, Ramasubbu, Torre-Amione,336

patients with NYHA class III–IV heart failure and randomized them to placebo or inflixi-
mab (5 mg/kg or 10 mg/kg IV infusion at 0, 2, and 6 weeks). The primary endpoint was
improvement in clinical status at 14 weeks. The results revealed no effect on clinical status
at 14 weeks in either infliximab dosing group, but the combined risk of death from any
cause or hospitalization for heart failure through 28 weeks was increased in the patients
randomized to 10 mg/kg infliximab (hazard ratio 2.84, 95% confidence interval 1.01 to
7.97; nominal P � 0.043), resulting in early termination of the trial (Fig. 2) [15].

Interestingly, circulating levels of TNF-� were reduced immediately after each infu-
sion in both treatment groups, but remained elevated above baseline at all other time
points throughout the study, although in vitro bioactivity assays indicated a reduction in
biologically available TNF-� despite the apparent increase. C-reactive protein (CRP) and
IL-6 levels decreased below baseline in both treatment groups and remained reduced
through week 14. However, after week 14 the decrease reversed itself and by week 28,
the levels of both approached baseline. Taken together, these results suggest a possible
physiological compensation in response to TNF-� antagonism. Alternatively, there is the
potential of late unbinding of TNF-� from the receptors, however the apparent decrease
in biologically available TNF-� argues against this theory.

Table 1 shows a summary of the clinical trials of TNF-� antagonism. The absence
of positive findings in large randomized clinical trials focused on a specific immune
mediator in heart failure was obviously disappointing. However, the lack of clinical benefit
may indicate a flaw in the approach of applying a highly specific intervention to a redundant
immune system. TNF-� was a reasonable target for specific therapy, however, the failure
of the clinical trials to establish benefit indicates that an approach that more diffusely
targets the pro-inflammatory milieu may be more effective.

Broad-Spectrum Immunotherapy

Humoral immune activation in heart failure is evidenced by elevated serum levels of
antibodies to myocardial proteins such as �-myosin (atrial myosin), and �-1 adrenorecep-
tors. [16–18], and the deposition of immunoglobulins in the myocardium of patients with
cardiomyopathy [19]. The mechanisms through which autoantibodies may contribute to
heart failure include not only antibody-mediated myocyte injury, but also, in the case of
anti-�-1 adrenoreceptors, receptor agonism [20]. Therapies under investigation that seek
to address this activation include: (a) intravenous gamma-globulin (IVIG), (b) immunoads-
orption, and (c) immune modulation therapy.

Immunoglobulin Therapy

Immunoglobulin therapy (IVIG) modulates the immune system through several mecha-
nisms. In autoimmune conditions, preparations of IVIG from pooled donors contain anti-
idiopathic antibodies that can bind to the Fab fragment of the offending autoantibody and
inactivate it [21]. Binding of the Fc fragment of the infused IVIG to endogenous macro-
phages may lead to saturation of these receptors with a resultant decrease in the number
of macrophages available to respond to pathogenic antibody binding [22]. Treatment with
IVIG has also been demonstrated to decrease pro-inflammatory mediators including IL1,
TNF-�, and IL1� [22–24]. In the setting of heart failure, IVIG may mitigate the contribution
of autoimmune damage to disease progression. IVIG for the treatment of heart failure has
been investigated in at least two randomized clinical trials.

In the Intervention in Myocarditis and Acute Cardiomyopathy (IMAC) trial, 62
patients who presented with recent onset cardiomyopathy (� 6 months) with a left ventricu-
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Figure 2 (A) Kaplan-Meier rates of death and hospitalization for heart failure. PBO indi-
cates placebo; HR, hazard ratio. (B) Kaplan-Meier rates of hospitalization for any reason.
(From Ref. 15.)
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Figure 3 LVEF over time by treatment: LVEF by radionuclide scan at baseline and 12
months after randomization in patients randomized to placebo and IVIG. Overall, LVEF
improved significantly over time (12-month LVEF significantly higher than baseline, P �
0.001). However, no differences by treatment group were evident (P � NS for comparisons
by treatment). (From Ref. 25.)

lar ejection fraction less than 40% and no evidence of coronary artery disease were random-
ized to receive either 2 g/kg IVIG or placebo for two consecutive days in addition to
conventional heart failure therapy. The primary end-point of the study was the change in
left ventricular ejection fraction (LVEF) at 6 months. The mean LVEF in the placebo-
treated patients increased from 23% at baseline to 42% at 6 months (Fig. 3). With this
dramatic improvement in the placebo treated patients, there was no further effect observed
in the IVIG treated patients (Table 2) [25]. However, a trial of IVIG in patients with
chronic symptomatic CHF demonstrated quite different results. In this trial, 40 patients
with chronic NYHA class II–IV CHF of either ischemic or nonischemic origin with an
LVEF less than 40% were randomized to receive either IVIG induction therapy (1 daily
infusion at 0.4 g/kg for 5 days) with subsequent monthly infusions (0.4 g/kg) for a total
of 5 months, or an equivalent volume of placebo according to the same schedule. LVEF
rose significantly from 26% to 31% in the treated patients, but did not increase significantly
in the placebo group (28% to 29%) (Table 2). More interestingly, in this study it was
found that there was an increase in at least three antiinflammatory peptides, IL-10 and
the soluble receptors for IL-1 and TNF in the IVIG group [26].

Immunoadsorption

Immunoadsorption is an extracorporeal therapy that uses ligands or adsorbers to remove
serum immunoglobulins and immune complexes. It has been hypothesized that idiopathic
dilated cardiomyopathy is a direct result of autoantibody insult to the myocardium. In a
small, prospective, case-control study of 34 patients listed for heart transplantation at the
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Table 2 Results of Trials of Broad-Spectrum Immunotherapy Heart Failure

Left ventricular ejection fraction

IVIG Treatment Placebo Patient Population

Increase Increase
Baseline at 6 mos Baseline at 6 mos

IMAC(25) 0.25 � 0.08 0.14 � 0.12 0.25 � 0.08 0.14 � 0.14 New-onset
(n�62) cardiomyopathy,

LVEF �40%
Gullestad, et al(26) 0.26 � 0.02 0.05 � 0.03 0.28 � 0.02 0.17 � 0.02 Chronic CHF,

(n�40) LVEF � 40%

Immunoadsorption Treatment Placebo

Increase Increase
Baseline at 1 year Baseline at 1 year

Staudt, et al.(28) 0.22 � 0.03 0.16 � 0.08 0.24 � 0.03 0.02 � 0.06 Patients listed
(n�34) for HTX,

elevated �-1 Ab
Staudt, et al.(29) 0.21 � 0.02 0.06 � 0.01 0.18 � 0.02 P � ns DCM, elevated

(n�25) (value not �-1 Ab,
reported) myocardial

inflammation

Combined endpoint of all-cause
mortality and hospitalizations

Immune modulatory therapy (No. of events)

Treatment Placebo

Torre-Amione, et al.(32) (n�75) 12 22 NYHA class III/IV

Source: From Refs. 25–29, 32.

German Heart Institute who had high titers of anti–beta-1 antibodies, immunoadsorption
was performed over 5 consecutive days in 17 patients. In treated patients, LVEF improved
from 22 % to 38% (Table 2), while both left ventricular end-systolic and end-diastolic
volumes decreased. These changes were not observed in the control group. Three months
after completing therapy there was no evidence of anti–beta 1 antibodies in the treated
group [27], despite this group having had higher levels of these antibodies than the control
group at baseline.

In a separate study, Staudt and colleagues randomized 25 patients with dilated cardio-
myopathy, LVEF greater than 30% and evidence of �-1 receptor autoantibody to immu-
noadsorption followed by immunoglobulin (Ig) substitution vs. conventional therapy. The
treatment group underwent monthly immunoadsorption followed by Ig substitution for 3
months. Consistent with earlier results, immunoadsorption and immunoglobulin substitu-
tion led to a significant decrease in �-1 receptor autoantibody levels, increase in LVEF
(21.3% to 27.0%) (Table 2), and improvement in NYHA classification as compared with
both baseline and controls. Treatment was also associated with a significant decrease in
HLA class II antigen expression as compared with controls (Fig. 4)–an important finding
since CD4� T cell-mediated myocardial damage is dependent on peptide presentation
by these antigens [28].



Wallace, Ramasubbu, Torre-Amione,340

Figure 4 Changes in HLA class II antigen expression of same patient before and after 3-
month therapy with IA and subsequent IgG substitution (magnification 3400). (From Ref.
28.)

A more recent investigation by the Staudt group sought to determine if a specific
subclass of IgG, IgG-3, might play a more important role than others in the development
of myocardial dysfunction. Two different immunoadsorption techniques were compared–
Protein A immunoadsorption, which has a low affinity for IgG-3, and anti-IgG column,
which has a high affinity for all classes. Eighteen DCM (dilated cardiomyopathy) patients
were randomized to undergo immunoabsorption with one of the two techniques followed
by IgG substitution at monthly intervals for 3 months. Although the total IgG adsorption
was comparable in the two groups, IgG-3 was only effectively removed by the anti-IgG
column technique. Consistent with the thought that IgG-3 might play an important role
in cardiac dysfunction, CI (cardiac index), LVEF, and stroke volume index exhibited a
significant increase in the anti-IgG group, while no significant improvements were noted
in either the protein A or placebo group.

Column effluent (CE) was obtained from both treatment groups and its affect on
rat cardiomyocytes was evaluated in vitro. The CE from the anti-IgG columns reduced
Ca2� transients and had a negative inotropic effect that was not observed when cells were
treated with the protein A CE, lending further credence to the hypothesis that the IgG-3
class is integral to the development of cardiac dysfunction [29].

These are small studies, however, the magnitude of the changes observed merit
further investigations. Unlike specific cytokine antagonism, immunoadsorption targets
an early step in the inflammatory cascade, and may, therefore, succeed in modifying
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inflammatory contributors to heart failure by downregulating several proinflammatory
pathways.

Immunomodulatory Therapy

Immune modulation therapy (IMT) involves the ex-vivo treatment of patients’ blood with
oxidative and thermal stressors (oxidizing agents, UV light and/or elevated temperatures),
resulting in apoptosis of cells. These treated blood elements are then administered to the
patient via intramuscular injection. Based on in-vitro evidence, the hypothesis is that the
apoptotic cells may stimulate antiinflammatory cytokines and suppress proinflammatory
cytokines (Fig. 5) [30]. In mouse models, this technique results in the increased expression
of antiinflammatory cytokines in the circulation as well as beneficial effects on endothelial
function [31].

In a recent trial, 75 patients with NYHA class III or IV heart failure, LVEF less
than 40% and a 6-minute walk distance less than 300 meters were randomized to either
IMT (38 patients) or placebo (37 patients). In the treatment group, IMT was given initially
on two consecutive days. Two weeks later the patients began monthly injections for a
total of eight treatments. The primary endpoint was change in 6-minute walk distance and
NYHA class. Both the treatment and placebo groups showed an increase in the 6-minute

Figure 5 Modulation of T cell responses by apoptotic cells. Apoptotic cells or apoptotic
bodies are engulfed by macrophages that following activation produce preferentially trans-
forming growth factor- � and IL-10. The production of these cytokines creates preferential
expansion of a T cell type, Th2 cell that by virtue of preferentially producing IL-10 perpetuates
an antiinflammatory response. In addition to preferential expansion of Th2 cells, macrophage
stimulation by apoptotic cells also decreases the proliferation of Th1 cells that promote
inflammation. The resultant effect is to decrease the production of Interferon (IFN) �, IL-1,
TNF� and IL-6. The combined effect of preferentially stimulating Th2 and decreasing Th1
cell types is the reduction of proinflammatory cytokines (IL-1, IL-6, IFN� and TNF�) and an
increase in the production of anti-inflammatory cytokines (IL-10 and TGF-�)
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Figure 6 Survival free of events including all-cause mortality and hospitalizations due to
worsening heart failure in patients treated with IMT (immune modulatory therapy; active)
vs. those receiving placebo. (From Ref. 32.)

walk, but there was a nonsignificant trend toward increased improvement in NYHA class
in the treated group as compared to placebo (15 vs. 9 patients improving by 1 or more
class, p � 0.14). The IMT therapy significantly reduced both the risk of death (1 vs. 7,
p � 0.022) and the risk of hospitalization (12 vs. 22, p � 0.005) (Fig. 6) [32]. A large
randomized controlled trial, the Advanced Chronic Heart Failure Clinical Assessment of
Immune Modulation Therapy (ACCLAIM) study, is now under way to further elucidate
the effects of IMT on morbidity and mortality in this population.

Although several specific cytokine antagonists have not lived up to their early prom-
ise, the clinical benefits observed in novel trials of broad-spectrum antiinflammatory ther-
apy are consistent with the hypothesis that ongoing inflammation contributes to the pro-
gression of heart failure. The reason for the failures of the TNF-� antagonists to show
clinical benefit despite solid preclinical evidence for the hypothesis may be largely due
to the redundancy of the immune system. Antagonism of a single cytokine, even if that
cytokine is known to be elevated in heart failure quite possibly induces a compensatory
response on the part of the immune system with as yet uncharacterized upregulations of
other proinflammatory pathways. The promising results from early studies of broad-
spectrum agents such as IVIG, immunoadsorption, and immune modulation therapy may
be attributable to the fact that these therapies act at an earlier step in the proinflammatory
cascade thereby inhibiting multiple pathways.

ENDOTHELIN-1 AS A THERAPEUTIC TARGET

It has been increasingly recognized that the vascular endothelium is an organ capable of
synthesizing, secreting, and metabolizing multiple vasoactive substances. Endothelins are
among the many such substances produced and metabolized by the vascular endothelium.
Endothelins are now known as the most potent vasoconstrictive peptides with a prolonged
effect. There are three isoforms of endothelin (ET-1, ET-2, and ET-3) [33] with the predom-
inant form of endothelin produced by cardiac tissue and endothelial cells being ET-1.
Plasma ET-1 concentrations are elevated in patients with chronic heart failure, correlate
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Figure 7 Vascular effects of ET-1. ET-1 is generated in endothelial and smooth muscle
cells in response to oxidized LDL, angiotensin II (Ang II), etc. The stimulation of endothelial
ETB receptors increases the release of NO, whereas ETA receptors mediate contraction
and cell proliferation and migration. ET-1 stimulates interleukin (IL) and tumor necrosis
factor-� (TNF�) expression in monocytes, leukocyte adherence, platelet aggregation, and
adhesion molecule expression. ET-1 stimulates the production and action of growth factors,
DNA and protein synthesis, and cell cycle progression. ONOO, indicates peroxynitrite; NOS,
nitric oxide synthase; MCP-1, monocyte chemoattractant protein-1; ICAM-1, intracellular
adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; oxLDL, oxidized low
density lipoprotein; O2-, superoxide anion; LOX, lectin-like oxidized LDL receptor; TGF -
1, transforming growth factor-1; NADPHox, nicotinamide adenine dinucleotide phosphate
oxidase; PAI-1, plasminogen activator inhibitor-1; VEGF, vascular endothelial growth factor;
bFGF-2, basic fibroblast growth factor-2; PDGF, platelet-derived growth factor; �, stimula-
tion; and -, inhibition. (From Ref. 43a.)

with both hemodynamic and symptom severity [34–37], and are strong independent predic-
tors of death in these patients [38].

The two subtypes of endothelin receptors are endothelin-A and endothelin-B (ETA,
ETB) [39]. ETA is primarily localized to the vascular smooth muscle, cardiac myocytes, and
fibroblasts [40]. Results from rat models indicate that ETA may mediate vasoconstriction,
inotropy, and mitogenesis (Fig. 7) [41]. ETB is located on vascular endothelial cells and
mediates vasodilation via an endothelial-derived relaxing factor (EDRF) dependent path-
way that increases nitric oxide release [42,43] and prostacyclin production (Fig. 7) [44].
Furthermore, the ETB plays a pivotal role in autocrine regulation by regulating ET-1 gene
transcription [45] and the eventual pulmonary clearance and levels of ET-1 [46].

Endothelin-1 antagonists are of two classes, receptor-specific antagonists and dual
receptor antagonists. Both types have been investigated in the setting of chronic congestive
heart failure, and newer studies are investigating the use of dual receptor antagonists in
the treatment of acute CHF exacerbations.

Et-1 Antagonists In Chronic Congestive Heart Failure

Several ET-1 antagonists have been investigated in the context of chronic CHF. Although
these trials have frequently shown improvement in hemodynamic indicators of cardiac
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function, the results have been discouraging due to a neutral or negative impact on morbid-
ity and mortality outcomes.

Darusentan

Darusentan, a selective ETA receptor blocker, was evaluated in an initial trial of a single
oral dose (1, 10, 30, 100 or 300 mg) on cardiac index and other measures of hemodynamics
in a group of 95 CHF patients. Following oral darusentan, a dose-dependent increase in
CI and decrease mean arterial pressure, systemic vascular resistance, PCWP (pulmonary
capillary wedge pressure) were observed. Improvements were also noted in other hemody-
namic measurements during the immediate follow-up period [47].

The Heart Failure ET(A) Receptor Blockade Trial (HEAT) randomized 157 patients
with CHF (present or recent NYHA class III of at least 3 months duration), pulmonary
capillary wedge pressure greater than or equal to 12 mm Hg, and a cardiac index less than
or equal to 2.6 L/min/m2. to treatment with placebo or oral darusentan (30, 100, or 300
mg per day) for 3 weeks in addition to standard therapy to evaluate the effect of darusentan
on cardiac index and pulmonary capillary wedge pressure. This study demonstrated an
acute nonsignificant improvement in cardiac index of 1.3%, 7.9%, and 12.6% after 30,
100, and 300 mg of darusentan, respectively, with a significant improvement seen in all
dosing groups at 3 weeks (Fig. 8A). Likewise, there was a significant decrease in systemic
vascular resistance in the 300 mg group after 3 weeks of the darusentan treatment regimen
(Fig. 8B). However, there was also a trend toward increased adverse events, particularly
early exacerbations in heart failure that may limit the applicability of this therapy [48].

Importantly, darusentan was not associated with either an increase in heart rate or
activation of other neurohormonal systems.

Bosentan

Bosentan is an ET-1 antagonist that acts on both ETA and ETB receptors [49]. In the
Endothelin Antagonist Bosentan for Lowering Cardiac Events in Heart Failure (ENABLE)
study, 1613 with class NYHA IIIb or IV heart failure patients were randomized to bosentan
(125 mg twice daily) or placebo. The primary endpoint was a composite of all-cause
mortality or hospitalization for heart failure. No significant difference was observed be-
tween bosentan and placebo (40% of patients on placebo, 39% receiving bosentan reached
the endpoint). Additionally, as with the trials of darusentan, treatment with bosentan
seemed to confer an early risk of worsening heart failure [50].

Thus, the chronic antagonism of ET-1, either via selective ETA blockade or dual
ETA/ETB antagonism does not appear to beneficially impact the chronic heart failure state.

Et-1 Antagonism in Acute Heart Failure Exacerbations

Tezosentan

Tezosentan is a highly potent dual ET receptor antagonist that inhibits ET-1 binding to
both ETA and ETB receptors. It is water soluble, thus, allowing intravenous administration,

�

Figure 8 (A) Cardiac index, and (B) systemic vascular resistance at each time point during
acute treatment and after 3 weeks of treatment with darusentan at different dosages com-
pared with placebo. Values are mean � SEM. Solid arrow indicates administration of stan-
dard medications at time point 0; dotted arrow, administration of study drug at 2 hours.
(From Ref. 48.)
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and has a short half-life (less than 10 minutes) that permits easy titration of its hemody-
namic effects. Tezosentan was found to have a rapid onset of action in several animal
models of heart failure, ischemic renal failure, and hypertension. It is excreted via bile
with minimal metabolism [51].

The hemodynamic effects of tezosentan were initially investigated in patients with
stable CHF. Sixty-one patients with NYHA class III–IV CHF and a LVEF less than 35%
were randomized to either tezosentan (5,20,50, or 100 mg/hr) or placebo. The short-term
intravenous use of tezosentan resulted in a statistically significant and dose-dependent
increase in cardiac index and decrease in the pulmonary capillary wedge pressure, systemic
vascular resistance (SVR), and mean arterial blood pressure (MAP). As seen in clinical
trials of other ET-1 antagonists, these changes were not accompanied by an increase in
heart rate suggesting that the increase in cardiac index was the result of the vasodilatory
effects of tezosentan [52].

Tezosentan was further investigated to determine the safety of prolonged (48 hour)
infusions in a randomized, active-controlled trial conducted on 14 patients with advanced
heart failure. During tezosentan infusion, no episodes of hypotension requiring withdrawal
of therapy occurred, and hemodynamic rebound was not observed after abrupt cessation
of the infusion. Unlike some of the other investigational ET-1 antagonists, there were no
reports of worsening heart failure in tezosentan-treated patients up to 28 days following
the infusion [53].

These promising initial results were followed by the Randomized Intravenous Tezo-
sentan study program (RITZ), which conducted several large-scale clinical trials of tezo-
sentan, primarily in acute heart failure (summarized in Table 3). RITZ-1 and RITZ-2 were
parallel studies conducted in patients with acute heart failure, with the critical difference
that patients who were enrolled in RITZ-2 were those who, in the opinion of their physi-
cians, required IV hemodynamic monitoring, while those in RITZ-1 did not. RITZ-1
enrolled 675 patients and evaluated the impact of 25 mg or 50 mg tezosentan therapy on
dyspnea and time to worsening heart failure as compared with placebo. An evaluation of
the RITZ-1 data showed no significant benefit, and the results of this study were never
formally published [54].

RITZ-2 evaluated the use of tezosentan for acute decompensated heart failure with
hemodynamic measurements assessed as the primary endpoints. In this trial, 292 patients

Table 3 A Summary of Large Randomized Clinical Studies of Tezosentan (RITZ: Randomized
Intravenous TeZosentan Study Program)

Name of
Trial (n) Indication Indication/end point Outcome Dose used

Source: From Refs. 49–51.

RITZ-1(54)

(n�675)
RITZ-2(55)

(n�292)

RITZ-4(56)

(n�193)

Acute heart failure

Acute heart failure
requiring IV
hemodynamic
monitoring

Acute heart failure
(ischemic)

Dyspnea at 6 hours

Cardiac index at
6 hours

Composite index
(death, worsening
HF, new or
recurrent MI)

No significant
benefit

Improved CI
and PCWP

No benefit,
increased
systemic
hypotension

50 mcg/kg/min

50 or 100 mcg/
kg/min

25mg/hr for 1 hr,
then 50 mg/hr
for 23 or
47 hours
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admitted to the hospital for acute decompensated heart failure with CI less than or equal
to 2.1 L/min/m2 and PCWP 15 mm Hg or more were randomized to receive tezosentan
(50mg/hr or 100 mg/hr) or placebo for 24 hours, then evaluated for hemodynamic and
dyspnea changes. In both dosing groups, tezosentan resulted in significant improvements
in CI and PCWP (Fig. 9). Although there was a dose-dependent increase in adverse events
associated with tezosentan, there was a trend toward decreased worsening of heart failure
in the treated groups at 24 hours [55]. The difference seen between the results of RITZ-1
and RITZ-2 may be due in part to the fact that the patients in RITZ-1 were less critically
ill than the patients in RITZ-2, and, therefore, benefited less from the treatment.

RITZ-4 evaluated the use of IV tezosentan in the treatment of acute decompensated
heart failure associated with acute coronary syndromes. One hundred ninety-three patients
were randomized to tezosentan (25 mg/hr for 1 hr, then 50 mg/hr for 23 to 47 hr) or
placebo, and followed for 72 hours to evaluate the occurrence of a composite end-point
including death, worsening heart failure, worsening ischemia, and new or recurrent MI
(myocardial infarction). At the end of the evaluation period, there was no significant
difference in the composite endpoint between the treated group and the placebo group,
but there was an increased risk of adverse events associated with tezosentan treatment. In
the 48-hour follow-up period, more tezosentan-treated patients had cardiac failure (20.6%
vs 12.6%), renal failure (7.2% vs. 2.1%), and hypotension (22.7% vs. 12.6%) compared
with placebo-treated patients [56].

Both the selective and nonselective ET-1 antagonists have demonstrated a positive
impact on clinical parameters of hemodynamics in patients with acute and chronic heart
failure. However, these improvements have come at the cost of short-term worsening of
heart failure in chronic patients, and increased risk of noncardiac adverse events in acute
decompensated heart failure. With regards to their potential use in acute heart failure, it
seems that the optimal dosing regimen and patient population has yet to be determined
that can maximize the beneficial effects while maintaining an acceptable level of adverse
events. Indeed, a dose-finding study has confirmed the hemodynamic efficacy of doses
of tezosentan 10 times lower than those previously used in the RITZ program [57]. Based
on this finding, a new trial called the Value of Endothelin Receptor Inhibition with Tezo-
sentan in Acute Heart Failure (VERITAS) study is under way to evaluate low-dose tezosen-
tan in acute heart failure with long-term morbidity and mortality as the primary endpoints.

HUMAN B-TYPE NATRIURETIC PEPTIDE

Human �-type natriuretic peptide, or brain natriuretic peptide (BNP) is elevated in acute
heart failure, and correlates with severity of disease [58]. However, unlike other markers
of heart failure, such as TNF-� and norepinephrine that are thought to exacerbate the heart
failure state, the presence of BNP seems to serve a ameliorative role through its vasodila-
tory and natriuretic effects. In acute heart failure, the stimulus for BNP release is myocytes
stretch [59–61]. BNP binds preferentially to natriuretic peptide receptor A, leading to
increased levels of cyclic guanine monophosphate. The end result of this activation is
smooth muscle relaxation with consequent reductions in blood pressure and ventricular
preload (Fig. 10). Following up on the beneficial effect of endogenous BNP production,
clinical trials have focused on the impact of the administration of exogenous BNP on
clinical indicators of heart failure.

Nesiritide

The first randomized placebo-controlled trial of nesiritide in heart failure was conducted
in 103 subjects in NYHA class II–IV heart failure and LVEF less than or equal to 35%.
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Figure 9 Results from RITZ-2. (A) Change in cardiac index from baseline through 30
hours, and (B)event-free (death and/or worsening heart failure) survival during 24 hours of
treatment. (From Ref. 55.)
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Figure 10 The ABCs of Natriuretic Peptides. A-type natriuretic peptide is released by the
atria, B-type natriuretic peptide primarily by the ventricles, and C-type natriuretic peptide by
the vascular endothelium in response to increased filling pressure and volume of shear
stress. The hormones have a short half-life and cause natriuresis and vasodilation, as well
as suppression of renin-angiotensin and endothelin. (From Ref. 61a.)

Patients were randomized to receive one of three dosing regimens of nesiritide (0.015,
0.030, 0.06 mcg/kg/min) or placebo for 24 hours, and were assessed for changes in hemo-
dynamic variables at 1,3, 6, 10 and 24 hours, as well as 2 and 4 hours after completion
of the infusion. Nesiritide produced significant reductions in pulmonary wedge pressure
(27% to 39% decrease by 6 hr), mean right atrial pressure and systemic vascular resistance,
along with significant increases in cardiac index and stroke volume index, but had no
significant effect on heart rate. Beneficial effects were evident at 1 hour and were sustained
throughout the 24-hour infusion [62].

A second randomized, placebo-controlled trial was conducted in 127 patients hospi-
talized for symptomatic congestive heart failure with PCWP 18 mm Hg or higher and CI
2.7 L/min/m2 or less to evaluate the effect of a 6-hour infusion of nesiritide at a rate of 0.015
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or 0.030 �g/kg/min on PCWP, global clinical status, dyspnea, and fatigue. Hemodynamic
variables were measured at baseline, and then every 1.5 hours through hour 6 of the
infusion. Both dosing groups showed a significant improvement in hemodynamics and
clinical status compared with placebo [63].

To further elucidate the effects of nesiritide therapy in acute decompensated heart
failure, a large-scale, multicenter randomized trial of nesiritide was conducted comparing
short-term (3 hr) nesiritide therapy to IV nitroglycerin and placebo, with another 24 hours
of nesiritide therapy compared with IV nitroglycerin (Vasodilatation in the Management
of Acute CHF, VMAC). The study population included 489 individuals with dyspnea at
rest from decompensated CHF and evaluated the effect of treatment on change in PCWP
among hemodynamically monitored patients and patient self-evaluation of dyspnea at 3
hours after initiation of study drug among all patients. At 3 hours, patients exhibited a
significantly greater reduction in PCWP compared with either the nitroglycerin group or
the placebo group, and a significant improvement in dyspnea compared with placebo (but
not nitroglycerin). At 24 hours, PCWP decrease was greater in the nesiritide group than
the nitroglycerin group, but patients’ self-assessment of dyspnea were not significantly
different [64]. The results of the VMAC study are summarized in Figure 11.

It remains to be seen whether nesiritide will provide a significant advantage over
other therapies for the treatment of acute heart failure, either as a replacement for other
vasodilators or an addition to current regimens. The clinical trials to-date have suggested
that nesiritide has both safety advantages and disadvantages when compared with drugs
in the current armamentarium. The PRECEDENT trial compared the arrhythmic effects
of dobutamine with nesiritide in acute decompensated heart failure. Although both drugs
were effective at improving the signs and symptoms of CHF, dobutamine significantly
increased the risk of ventricular arrhythmias, whereas nesiritide had either a neutral or
beneficial effect depending on the dose [65]. In addition, nesiritide did not increase heart
rate despite the greater decrease in blood pressure as compared to dobutamine.

Concern has been raised regarding the renal impact of nesiritide due to increases in
serum creatinine and cases of renal failure seen in some treated patients [66]. Since endoge-
nous BNP is known to increase the glomerular filtration rate while decreasing blood
pressure, the renal side effects seen in some trials may be a result of a prerenal state
induced by BNP administration with concomitant diuretic use.

VASOPEPTIDASE INHIBITORS

Vasopeptidase inhibitors are a new group of agents under investigation for the treatment
of hypertension and heart failure. They inhibit two enzymes, neutral endopeptidase (NEP)
and angiotensin-converting enzyme (ACE), by virtue of the fact that these enzymes have
a similar structure and catalytic site [67]. NEP is an endothelial cell surface zinc metal-
lopeptidase predominantly found in the kidney that degrades the vasodilatory natriure-
tic peptides (A, B and C) [68]. ACE is well known to modulate the renin-angiotensin-
aldosterone pathway by catalyzing the conversion of angiotensin I to the vasoconstrictor
angiotensin II in the pulmonary vasculature. Both enzymes result in bradykinin degradation
and have a net effect of increasing vasoconstriction and volume retention; therefore, inhibi-
tion of NEP and ACE results in increased vasodilation and improved diuresis [69]. Com-
bined inhibition of NEP and ACE with vasopeptidase inhibitors has been shown to be
effective and superior to ACE inhibition alone at improving cardiac geometry, hemody-
namic measures, and survival in animal models of heart failure [69–71].
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Figure 11 Outcomes at 3 and 24 hours for all treated patients by randomization group.
(From Ref. 64.)

Omapatrilat

In an initial efficacy trial in humans, 48 patients with NYHA class II to III heart failure
and LVEF greater than 40% were randomized to one of five dosing groups (2.5, 5, 10,
20, or 40 mg) of oral omapatrilat taken daily for 12 weeks. The 2.5 mg dosing group
served as an active control group because this level of omapatrilat has been shown to
produce ACE, but not NEP, inhibition. Forty patients were randomized to invasive hemo-
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dynamic monitoring, whereas the remaining eight participated in an exercise trial. All
patients continued their regular cardiac medications (including ACE inhibitors) during the
trial.

Patients in the 20 mg or 40 mg dosing groups showed a significant improvement
in NYHA functional class at 12 weeks compared with the 2.5 mg active control group.
These patients also exhibited improvements in functional status at 12 weeks as assessed by
both the patient and the physician. All dosing groups exhibited a significant improvement in
LVEF at 12 weeks compared with the control dose, with a greater improvement seen in
the 20–40-mg group than the 5–10-mg group) (Table 4). Of the six hospitalizations for
worsening heart failure during the study, all but one (5–10 mg) was in the 2.5 mg active
control group. Omapratil was well-tolerated with the major adverse event being first-dose
symptomatic hypotension (four patients in 20–40 mg), and intermittent hypotension (three
patients in 20–40 mg, and 2 patients in 5–10 mg groups) [72].

The Immunosuppressive Therapy for the Prevention of Restenosis after Coronary
Artery Stent Implantation (IMPRESS) trial randomized 573 patients with NYHA class II
to IV heart failure and LVEF 40% or less to target doses of 40 mg oral omapatrilat or 20
mg oral lisinopril for 24 weeks. All patients were on stable doses of ACE inhibitors prior
to beginning the study. The primary endpoint was improvement in maximum exercise
treadmill test at week 12. The incidence of death, and comorbid events indicative of
worsening heart failure were also assessed.

Maximum exercise treadmill test time improved slightly in both groups at 12 weeks
with no significant difference observed between the two. Likewise, no significant differ-
ence was observed between the two groups in secondary endpoints; however, there was
a consistent, nonsignificant reduction seen in the omapatrilat group in frequency of death,
hospital admission, and supplemental diuretic use. The hazard ratio for the composite of
death and admission for worsening heart failure was 0.52 (p � 0.052) favoring treatment
with omapatrilat. Treatment with omapatrilat resulted in no increase in noncardiovascular
adverse events, and a significant reduction in cardiovascular adverse events compared
with lisinopril [73].

Further investigation of the acute and long-term hemodynamic effects of omapatrilat
was conducted in 369 patients with symptomatic heart failure (NYHA class II–IV) random-
ized to receive 2.5, 5, or 10 mg oral omapatrilat (Panel I, n � 190) or 2.5, 20, or 40 mg
of oral omapatrilat (Panel II, n � 179) for 12 weeks. Hemodynamic variables were assessed
at baseline, 12 and 24 hours, and 12 weeks. Change in neurohormone levels including

Table 4 Omapatrilat Efficacy Trial Results

Omapatrilat dose

2.5 mg 5–10 mg 20–40 mg
Outcome (n � 15) (n � 17) (n � 13)

Patient assessment of functional status
Greatly improved 0 (0%) 7 (41%) 5 (38%)

Moderately improved 5 (33%) 6 (35%) 5 (38%)
Clinician assessment of functional status

Greatly improved 0 (0%) 2 (12%) 2 (15%)
Moderately improved 0 (0%) 7 (41%) 9 (69%)

LVEF �3.4 � 1.7 6.7 � 1.6 7.4 � 1.0
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plasma ACE, ANP (atrial natriuretic peptide) , BNP, and renin among others were calcu-
lated at 3,12 and 24 hours after the first (day 1) and last (week 12) doses.

Acute hemodynamic improvement as indicated by 12 hour postdose change in PCWP
was noted in the 10–40 mg groups on day 1, and the 20 mg and 40 mg groups at week
12 compared with the 2.5 mg active controls (Fig. 12). Plasma increases in ANP, BNP,
and cGMP were noted in the 10, 20 and 40 mg dosing groups at 3 hours post–day 1 dose
(all significant except change in BNP for 20 mg dose), with a return toward baseline levels
at 12 hours postdose. At 12 weeks, no significant changes in these neurohormones were
noted postdose, but there was a nonsignificant increase in ANP (�55 pmol/1; 95% CI
–9,118) at 3 hours. No significant changes were noted at 12 weeks in potentially deleterious
neurohormones, such as ET-1 and norepinephrine. Again, the most common adverse event
observed was first-dose hypotension, which resulted in the withdrawal of four patients
without serious consequences. One case of angioedema occurred in the 40 mg group after
the first dose [74].

The Omapatrilat Versus Enalapril Randomized Trial of Utility in Reducing Events
(OVERTURE) is the only randomized, controlled clinical trial of omapatrilat to date
powered to evaluate morbidity and mortality outcomes. In this trial, 5770 patients with
NYHA class II–IV heart failure or LVEF 30% or less were randomized to either enalapril
(starting dose 2.5 mg, target dose 10 mg orally b.i.d., n � 2884) or omapatrilat (starting
dose 10 mg, target dose 40 mg orally q.d., n � 2886). Patients were encouraged to receive
all other appropriate therapy for heart failure, including ACE inhibitors and angiotensin

Figure 12 Change from pretreatment day 1 baseline levels in pulmonary capillary wedge
pressure (PCWP) (A) and systolic blood pressure (SBP), (B) after the final dose of omapatri-
lat at 12 weeks. Panel I: open diamond, 2.5 mg; star, 5 mg; open triangle, 10 mg. Panel II:
� � 2.5 mg; open square, 20 mg; open circle, 40 mg. Shaded symbols, indicate a significant
difference (p � 0.05) in the 0-hr to 12-hr average change from predose day 1 for omapatrilat
dose compared with the respective 2.5 mg group. (From Ref. 74.)
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II receptor antagonists. The primary end-point was the combined risk of all-cause mortality
or hospitalization for worsening heart failure, and the mean duration of follow-up was
14.5 months.

Of the 5770 patients, 970 died or were hospitalized requiring intravenous therapy
for worsening heart failure during the study period in the enalapril group, and 914 in the
omapatrilat group (hazard ratio 0.94, 95% CI 0.86, 1.03) (Fig. 13a). When all-cause mortal-
ity was evaluated alone, a similar hazard ratio was obtained (0.94, 95% CI 0.83, 1.07)
(Fig. 13b). Although this met predefined criteria for noninferiority, there was no clear
benefit seen with omapatrilat therapy. Adverse events were similar to those observed in
other trial of omapatrilat with increases in hypotension and dizziness compared with enala-
pril, but decreases in heart failure exacerbation and renal impairment. Angioedema oc-
curred in 24 patients (0.8%) in the omapatrilat arm as compared with 14 patients (0.5%)
in the enalapril arm. Withdrawal rates due to adverse events were 17.9% in the omapatrilat
group and 17.0% in the enalapril group [75].

The OVERTURE trial results were surprising as no benefit in dual inhibition of
NEP and ACE could be seen in long-term morbidity and mortality outcomes, despite
encouraging data from both preclinical and early clinical trials. In addition, in data submit-
ted to the U.S. Food and Drug Administration for the new drug application for omapatrilat,
44 cases of angioedema among 6000 patients treated with omapatrilat were noted (0.7%)
[76], which is consistent with the results of the OVERTURE trial. With no clear benefit
established and legitimate concern regarding the incidence of angioedema, the utility of
vasopeptidase inhibition in heart failure is currently in question.

VASOPRESSIN ANTAGONISTS

Arginine vasopressin (AVP) is a peptide hormone that is elevated in heart failure and
associated with a poor prognosis [77,78]. AVP exerts its cardiac effects through two
receptor subtypes: V1a and V2. V1a is found on vascular smooth muscle cells and myocardi-
ocytes. Activation of V1a is initially inotropic but mediates a decrease in myocardial
contractility with further increases in AVP, whereas V1a-induced vasoconstriction occurs
in a dose-dependent manner [79–81]. Stimulation of the V1a-receptor further leads to
increased myocardial protein synthesis resulting in myocardial hypertrophy [82,83]. V2-
receptors are found in the distal tubule of the kidney, and their activation results in water
retention via upregulation of aquaporin channels [79,84]. Inhibition of AVP via V1a and
V2 antagonism is an area of a current investigation in the treatment of heart failure.

Conivaptan

Conivaptan is a dual V1a/V2 receptor antagonist that has been investigated in the treatment
of advanced heart failure. One hundred and forty-two patients with NYHA class III or IV
heart failure were randomized to either a single IV dose of conivaptan (10, 20, or 40 mg)
or placebo and evaluated over 12 hours for changes in hemodynamic parameters including
CI, right atrial pressure (RAP) and PCWP. Both PCWP and RAP were significantly re-
duced in the 20 mg and 40 mg treatment groups compared with placebo at 3 to 6 hours,
but CI was not improved. Urine output in the 20 mg and 40 mg groups was significantly
higher over the 12-hour follow-up than that of the placebo group. Conivaptan was associ-
ated with fewer side-effects during the follow-up period than placebo [85].
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Figure 13 (A) Kaplan-Meier analysis of time to death or hospitalization for heart failure
requiring intravenous treatment in the omapatrilat and enalapril groups. (B) Kaplan-Meier
analysis of time to death in the omapatrilat or enalapril groups. (From Ref. 75.)

Tolvaptan

Chronic administration of tolvaptan, a nonpeptide V2 receptor antagonist, was studied in
254 patients with a diagnosis of CHF irrespective of LVEF and NYHA functional class.
Patients were randomized to receive oral tolvaptan (30, 45 or 60 mg) or placebo daily for
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25 days and maintained on stable doses of furosemide. The primary efficacy variable was
change in body weight from baseline to study day 14.

All treatment groups had an initial weight loss compared with baseline at study day 1
that was significantly greater than that of the placebo arm. This weight loss was maintained
throughout the treatment period, but no further benefit of treatment was seen after day 1.
Urine sodium excretion over the first 24-hour period was significantly greater in all dosing
tolvaptan groups compared with placebo, but serum sodium stayed within normal ranges
throughout the study for most individuals in both the active treatment and placebo groups.
Only dry-mouth, thirst, and polyuria were reported more frequently with tolvaptan than
placebo, leading to drug discontinuation in two patients in the 60 mg group [86].

Antagonism of AVP through the V1a and V2 has theoretical appeal given the physio-
logical consequences of excess AVP. Initial clinical trials have established that these
drugs are relatively safe, and that treatment is associated with improvements in some
hemodynamic and clinical parameters associated with heart failure. However, no study
has yet evaluated the impact of either single or dual receptor antagonism on long-term
morbidity and mortality.

CONCLUSIONS

The clinical studies presented in this chapter represent novel areas of research that highlight
the complexity of developing new therapies from the bench to the bedside. Although
experimental observations from the laboratory follow a logical process for development
into clinical practice, it has become clear that the clinical utility of individual therapies
require meticulous clinical research and frequently encounters failures. The clinical trials
of TNF-� antagonism and neuropeptidase inhibitors are good examples of treatment
models that failed the test of large-scale clinical utility despite encouraging preclinical
and early clinical data.

Perhaps in the current armamentarium for chronic heart failure further antagonism
of various pathways is not possible due to the inability to demonstrate clinical benefit
beyond currently established therapies. It remains to be seen whether the benefits shown
in early trials of vasopressin antagonists can result in improved quality of life and/or
survival in heart failure patients.

Active clinical studies utilizing broad-spectrum antiinflammatory therapies, includ-
ing immunomodulatory strategies, may provide the next generation of therapy in chronic
heart failure. With regards to acute heart failure, we have seen clear documentation of
hemodynamic benefits with the therapeutic utilization of recombinant type-B natriuretic
peptide, and further investigation is ongoing with the nonspecific endothelin-1 antagonist
tezosentan. Ongoing clinical research will better define the appropriate use of these and
other drugs in acute heart failure. Most importantly, the experience of the latest generation
of clinical trials of new therapies for heart failure has shown us that further development
in this area will require the demonstration not only of hemodynamic, serologic, and symp-
tomatic improvement, but also of disease-modifying effects on morbidity and mortality.
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Heart failure is a clinical syndrome that is manifest by dyspnea, fatigue, and edema. The
syndrome is caused by cardiac dysfunction and activation of neurohormonal mechanisms
that promote fluid retention. The signs and symptoms of congestive heart failure (CHF)
have long been known to occur in the presence of a normal left ventricular (LV) ejection
fraction and this led to the use of terms such as ‘‘backward failure’’–indicating a failure
of the heart to accept venous return at normal filling pressures. It is now recognized that
CHF in the presence of a normal ejection fraction is primarily caused by abnormalities
in the diastolic properties of the ventricle and consequently, the term ‘‘diastolic heart
failure’’ has replaced backward failure [1–7].

TERMINOLOGY

Diastolic dysfunction refers to abnormal LV diastolic distensibility, filling, or relaxa-
tion–regardless of whether the ejection fraction is normal or abnormal and whether the
patient is symptomatic or asymptomatic. In this chapter, the term ‘‘asymptomatic diastolic
dysfunction’’ is used to refer to an asymptomatic patient with a normal LV ejection
fraction, and echo-Doppler evidence of an abnormal pattern of LV filling [5]. This has
also been referred to as ‘‘preclinical heart disease’’ [8]; it is often a reflection of early
hypertensive heart disease. If a patient with asymptomatic diastolic dysfunction exhibits
effort intolerance and dyspnea, especially if there is evidence of venous congestion and
edema, the terms ‘‘diastolic heart failure’’ (i.e., ‘‘symptomatic diastolic dysfunction’’) is
used. This terminology parallels that used in asymptomatic and symptomatic patients with
systolic dysfunction and it facilitates the use of a clinical, pathophysiological, diagnostic,
and therapeutic framework that includes virtually all patients with LV dysfunc-
tion–whether or not they have cardiac symptoms [5].

363
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PATHOPHYSIOLOGY

The diastolic properties of the left ventricle are determined by the volume of the chamber,
the thickness and passive stiffness of the ventricular wall, and the active process of myocar-
dial relaxation. An increase in myocardial mass and/or alterations in the extra myocardial
collagen network may cause or contribute to an increase in passive elastic stiffness of the
ventricle. Disorders of the active process of myocardial relaxation, acting alone or in
concert with abnormal passive properties of the ventricle, can also stiffen the ventricle.
LV compliance or distensibility is reduced and the dynamics of filling are altered. Under
these circumstances, relatively small increments in venous return can produce substantial
increases in LV end-diastolic pressure as well as left atrial and pulmonary venous pressures.
The most common causes of diastolic dysfunction are LV hypertrophy and myocardial
ischemia [1,2] (Table 1).

The basic mechanisms that underlie diastolic dysfunction may be intrinsic to the
cardiomyocyte (e.g., abnormal calcium homeostatis) or extracellular matrix (e.g., altera-
tions in collagen). In addition, neurohormonal and cardiac endothelial activity modulate
ventricular stiffness and relaxation. Knowledge of these mechanisms offers potential thera-
peutic targets [2].

Abnormalities of systolic function are often present in patients with predominant
diastolic heart failure, and a normal ejection fraction at rest does not necessarily mean
that myocardial contractile function is truly normal. Likewise, abnormalities of diastolic
function are generally present in patients with systolic heart failure. In this chapter, the

Table 1 Causes of Diastolic Dysfunctional

Myocardial disease
Impaired relaxation

Myocardial ischemia
Myocyte hypertrophy
Cardiomyopathy
Aging
Hypothyroidism

Increase passive stiffness
Diffuse fibrosis
Postmyocardial infarction scarring and fibrosis
Myocyte hypertrophy
Infiltrative processes (e.g., amyloidosis, hemochro-
matosis)

Endocardial disease
Fibroelastosis

Pericardial disease
Constriction
Tamponade

Abnormal coronary circulation
Capillary compression
Venous engorgement

Other disease
Volume overload of the right ventricle
Extrinsic compression by tumor

Source: Ref. 8a
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Figure 1 Diagram of left ventricular pressure-volume loops in systolic dysfunction and
diastolic dysfunction. In systolic dysfunction, contractility is depressed and the end-systolic
pressure-volume line is displaced downward and to the right; there is diminished capacity
to eject blood into a high-pressure aorta. In diastolic dysfunction, chamber stiffness is in-
creased and the diastolic pressure-volume relation is displaced up and to the left; there is
diminished capacity to fill at low diastolic pressures. The left ventricular ejection fraction is
low in systolic dysfunction and normal in diastolic dysfunction.

emphasis is on management of diastolic heart failure in which the dominant abnormality
is in diastole.

In predominant diastolic heart failure, the left ventricle exhibits a limited ability
to fill and LV diastolic pressures are abnormally elevated over the encountered normal
physiological range of LV rest and/or exercise pressure-volume conditions. The ventricle
is typically not enlarged and the ejection fraction at rest is normal or near normal. By
contrast, in systolic failure the dominant abnormality is a defect in contractile function
and the ventricle exhibits a limited ability to eject; the ventricle is generally enlarged and
the ejection fraction is depressed. The differences and similarities between systolic and
diastolic heart failure are compared and contrasted in Figure 1 and Table 2. Despite certain
pathophysiological differences, patients with diastolic heart failure and those with systolic
heart failure exhibit a similar reduction in exercise capacity and impairment in the quality
of life [6]. Thus, morbidity is similar in systolic and diastolic heart failure, but long-term
survival is generally better in patients with diastolic heart failure (Chapter 9).

DIAGNOSTIC CRITERIA

The clinical diagnosis of diastolic heart failure requires reliable evidence of CHF in a
patient with a normal LV ejection fraction at rest. At the bedside, it is virtually impossible
to differentiate patients with diastolic heart failure from patients with systolic heart failure
(Table 3); echocardiographic (or other modality) confirmation of a normal ejection fraction
at rest is mandatory for the diagnosis of diastolic heart failure. Plasma levels of brain
natriuretic peptide (BNP) may be used to confirm the diagnosis of congestive heart failure,
either systolic or diastolic [9]. Serum BNP levels have been shown to correlate with
echocardiographically derived measures of diastolic dysfunction (e.g., impaired relaxation,
‘‘pseudonormalization,’’ and restriction) [9] (Fig. 2). However, further study will be re-
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Table 2 Differences and Similarities Between Systolic and Diastolic Heart Failure

Systolic Heart Failure Diastolic Heart Failure

Signs and Symptoms of HF Present Present
BNP ↑↑ ↑
Exercise Testing

Duration ↓ ↓
Systolic BP ↑ ↑↑
Pulse pressure ↑ ↑↑
VO2 ↓↓ ↓

LV Remodeling
End-diastolic volume ↑↑ N
End-systolic volume ↑↑ N –↓
Myocardial mass ↑ (eccentric LVH) ↑ (concentric LVH)
Relative wall thickness ↓ ↑↑
Cardiomyocyte ↑ length ↑ diameter
EC matrix (collagen) ↓ ↑↑

LV Systolic Function
Ejection fraction ↓↓ N–↑
Stroke volume N–↓ N–↓
Myocardial contractility ↓↓ ↓

LV Diastolic Function
Chamber stiffness N–↓ ↑↑
Myocardial stiffness N–↑ ↑
Relaxation time-constant ↑–↑↑ ↑–↑↑
Filling dynamics Abnormal Abnormal
End-diastolic pressure ↑↑ ↑↑
Preload reserve Exhausted Limited

Morbidity (hosp/recurrent HF) ↑↑ ↑↑
Survival ↓↓ ↓

BNP, brain natriuretic peptide; BP, blood pressure; V02, peak oxygen consumption; EC, extracellular; LV, left
ventricular.

quired before BNP levels can be recommended as a noninvasive method of differentiating
systolic from diastolic heart failure.

At present, there is no consensus whether measurements of diastolic function are
necessary in order to establish a diagnosis of diastolic heart failure. Some cardiologists
propose cardiac catheterization or echocardiographic ‘‘…evidence of abnormal LV relaxa-
tion, filling, diastolic distensibility or diastolic stiffness…’’ [7] . Others rely only upon
cardiac catheterization to document the presence of diastolic dysfunction before making
a diagnosis of diastolic heart failure [3]. Still others propose that if valvular heart disease
is excluded, virtually all patients with CHF and a normal LV ejection fraction exhibit
diastolic dysfunction and that echocardiographic or other measurements of diastolic func-
tion are merely confirmatory [4]. In such instances, consideration must be given to other
causes of heart failure with a normal ejection fraction (e.g., aortic or mitral valve disease,
cor pulmonale, extremes of volume overload, etc.) [1].

In this chapter, asymptomatic diastolic dysfunction is defined as the presence of
abnormal indices of diastolic function in patients with a normal ejection fraction and no
cardiac symptoms. Diastolic heart failure is defined as the presence of signs and symptoms
of CHF (often acute pulmonary edema) in the presence of a normal ejection fraction.
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Table 3 Prevalence of Signs and Symptoms in Systolic and Diastolic Heart Failure

Diastolic HF (LVEF � 50%) Systolic HF (LVEF � 50%)

Symptoms
Dyspnea on exertion 85% 96%
Paroxysmal nocturnal dyspnea 55% 50%
Orthopnea 60% 73%

Physical Examination
Jugular venous distension 35% 46%
Rales 72% 70%
Displaced apical impulse 50% 60%
S3 45% 65%
S4 45% 66%
Hepatomegaly 15% 16%
Edema 30% 40%

Chest film
Cardiomegaly 90% 96%
Pulmonary venous hypertension 75% 80%

Source: From Ref. 2.

Patients who remain symptomatic despite apparently successful treatment and resolution
of congestion are referred to as having chronic diastolic heart failure.

MANAGEMENT

The recommendations presented in this chapter are based primarily on the results of small
clinical studies, anecdotal experience, and an understanding of the pathophysiology of

Figure 2 Progressive elevation in circulating brain natriuretic peptide levels is observed
among patients with asymptomatic echocardiographic abnormalities. Each abnormal group
was different from normal controls (p � 0.001). Higher levels are seen for patients who
had symptomatic diastolic heart failure. The extent of diastolic dysfunction is based upon
transmitral Doppler-flow parameters, which included impaired relaxation, pseudonormaliza-
tion, and restrictive filling abnormalities. (From Ref. 9.)
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Figure 3 Kaplan-Meier mortality curves for subjects following in an community population
study from Olmstead county who demonstrated normal diastolic function vs. those who had
echocardiographic evidence for mild, moderate, or severe diastolic dysfunction. (From Ref.
8.)

diastole (Table 4). There is currently only one large placebo-controlled clinical trial that
supports blockade of the renin-angiotensin-aldosterone system in patients with chronic
diastolic heart failure [10] (see following text and Chapter 14).

Asymptomatic Diastolic Dysfunction

The prevalence of asymptomatic diastolic dysfunction is not known, but there is reason
to believe that the condition is not rare–especially in patients with hypertension. The
finding of diastolic dysfunction in an asymptomatic patient is a risk factor for the future
development of CHF, and the early identification of such patients provides a window of
opportunity to prevent progression of what appears to be ‘‘preclinical heart disease’’ [8,11]
(Fig. 3). At present, there are no long-term data supporting effective pharmacological
therapy directed primarily at the myocardial mechanisms resulting in diastolic dysfunction
per se. Rather, the goal of chronic pharmacological therapy should be aggressive manage-
ment of the preventable causes of diastolic dysfunction (e.g., hypertension) and similarly
aggressive management of the modifiable factors that precipitate or exacubate diastolic
heart failure [1].

Acute Diastolic Heart Failure

The initial management of acute diastolic heart failure and pulmonary edema consists
of measures that relieve pulmonary congestion while maintaining oxygenation, arterial
pressure, and perfusion of vital organs. With few exceptions the initial treatment of patients
with diastolic heart failure is similar to that used in those with systolic heart failure. On
presentation to the Emergency Department, the diagnosis of heart failure should be con-
firmed and associated or complicating problems should be considered and appropriately
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Table 4 Management of Diastolic Heart Failure

INITIAL MANAGEMENT
Treat the Presenting Syndrome

Pulmonary edema/congestive state
Systemic arterial hypertension
Acute myocardial ischemia
Atrial fibrillation/flutter/sinus tachycardia

Clarify the Diagnosis
History and physical examination
Echocardiography
Cardiac catheterization/angiography (when clinically

necessary)
Biopsy (rarely needed but can be useful in

differentiating myocardial from pericardial disease)
LONG-TERM MANAGEMENT
Consider Mechanisms

Promote regression of left ventricular hypertrophy
Prevention/promotion of regression of interstitial

fibrosis
Modify cellular/extracellular mechanisms

Correct the pathophysiology
Sodium restriction and diuretics
Blockade of the renin-angiotensin aldosterone system
Maintenance of atrial contraction and atrioventricular

synchrony
Prevention of excessive tachycardia
Treatment of systemic hypertension
Prevention of myocardial ischemia

excluded (e.g., pneumonia, myocardial infarction, pulmonary embolism, dissection of the
aorta). At the same time, treatment should be initiated.

Treatments

Oxygen. In most patients arterial hypoxemia can be reversed by oxygen adminis-
tration with nasal prongs or a Venturi mask. If this is not effective, continuous positive
airway pressure should be used. Endotracheal intubation may be required if arterial oxygen-
ation cannot be maintained or if there is progressive hypercapnia.

Morphine. This agent (administered intravenously in a dose of 3–5 mg. over
several minutes) diminishes distress and the work of breathing. Morphine achieves its
beneficial hemodynamic effects by acting as a vasodilator and, thereby, pooling blood in
the splanchnic circulation. Special caution is necessary if the pulmonary edema is associ-
ated with hypotension, stroke, or independent pulmonary disease–especially in patients
with hypercapnia.

Preload Reduction. A decrease in left atrial and pulmonary venous pressure is
obviously desirable in patients with acute pulmonary edema. In patients with LV systolic
dysfunction and acute exacerbation of chronic heart failure (most of whom have an ex-
panded central blood volume), a substantial reduction in pulmonary venous pressure can
be achieved without a significant decline in arterial pressure. However, patients with
diastolic heart failure may develop a substantial and sudden decrease in arterial pressure
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Figure 4 Effect of a reduction in central blood volume on LV pressure-volume loops in a
normal heart (left panel) and in diastolic heart failure (right panel). The solid lines represent
the baseline state and the broken lines represent the effects of preload reduction. In the
normal heart a small reduction in LV end-diastolic volume results in a small decrease in
end-diastolic pressure and a modest decrease in systolic pressure. By contrast, in diastolic
heart failure, a similar decrease in LV end-diastolic volume results in a substantial decrease
in diastolic pressure and a large decrease in systolic pressure. The result may be marked
systemic hypotension. (From Ref. 8.)

when attempts are made to reduce preload acutely. This occurs as a consequence of: (a)
the steep ventricular diastolic pressure-volume relation (and a preload or strain dependent
change in compliance), and (b) a right ventricular and pericardial effect with a shift to a
lower pressure-volume curve (i.e., a strain independent change) [12]. Thus, a small reduc-
tion in diastolic volume can result in relatively large reductions in LV diastolic pressure
and arterial pressure (Fig. 4). Therefore, if there is reason to believe that diastolic heart
failure is present, more conservative doses of diuretics, nitrates, or nesiritide should be
considered than used in patients with systolic heart failure.

Diuretics are effective and commonly used in the initial treatment. Furosemide is
administered intravenously at an initial dose of 40–80 mg; subsequent doses depend on
the response to the initial dose. Intravenous nitroglycerine may also be used to reduce
preload. The initial infusion rate is 10 micrograms/min and the rate may be increased to
300 micrograms/min to achieve the desired effect. Nitroglycerin has the advantage of being
antiischemic and does not result in electrolyte abnormalities. Indeed, when treatments with
nitrates, furosemide, and morphine are compared, optimal clinical outcomes are observed
with nitrates [13]. One advantage of nitroglycerin is its rapid reversibility in the event
that hypotension ensues. Rotating tourniquets also provide a rapidly reversible reduction
in central venous pressures but are seldom necessary in the current era. Nesiritide produces
a dose-dependent decrease in pulmonary capillary wedge pressure and systemic vascular
resistance, and an increase in cardiac output; it is administered as a continuous intravenous
infusion (dose: 0.015–0.06 mg/kg/min) after a bolus (0.25–1.0 mg/kg/min). Although
useful in decompensated systolic heart failure, there is very little experience with this
agent in diastolic heart failure and no controlled trials have examined it safety or efficacy.

Afterload Reduction. Many, but not all, patients with acute pulmonary edema
and diastolic heart failure are hypertensive [14]. While nitroglycerin or nesiritide are both
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effective in reducing blood pressure and relieving pulmonary edema, sodium nitroprusside
is the vasodilator of choice when a substantial reduction in pressure is required. It is
administered by intravenous infusion at an initial dose of 10–25 mg/min; the dose is
adjusted to obtain the desired hemodynamic effects. Sodium nitroprusside is used only in
situations requiring short-term therapy; early arrangements should be made to substitute
other intravenous or oral antihypertensive agents.

Long-Term Management

Any long-term therapeutic pharmacologic program must be based on a careful considera-
tion of the putative cause or causes of diastolic dysfunction in the individual patient and
the potential individualized response to and benefit of treatment. For example, verapamil
may be effective in symptomatic patients who have hypertrophic cardiomyopathy [15],
but is contraindicated in patients who have cardiac amyloidosis [16]. Coronary artery
disease, hypertensive heart disease, chronic constrictive pericarditis, and aortic stenosis
provide relatively specific surgical and/or pharmacologic therapeutic targets, but the most
commonly encountered clinical entity, namely diastolic heart failure in the elderly, often
affords less specific targets in a more challenging and fragile population [17]. In general,
emphasis is placed on control of arterial hypertension and intravascular volume, prevention
of myocardial ischemia, management of the congestive state, and maintenance of normal
sinus rhythm. (Table 3)

Given the paucity of clinical trials in diastolic heart failure to date, there are few
‘‘evidence-based’’ recommendations regarding chronic pharmacologic therapy, including
the selection, optimal dosing, and duration of therapy for nearly all pharmacologic agents.
The chronic pharmacologic treatment of diastolic heart failure is under investigation in
several large randomized clinical studies; the design of these trials are summarized else-
where [1]. One large trial of an angiotensin-receptor blocking agent has been completed
to date and provides data that supports the use of these agents in diastolic heart failure
[10]. In the Candesartan in Heart Failure: Assessment of Reduction in Mortality and
Morbidity (CHARM)–Preserved Trial, the effects of the angiotensin-receptor type 1
blocker, candesartan, was studied in 3023 patients with clinical evidence of heart failure
and an ejection fraction greater than 40% [10]. After 6 months, two-thirds of the patients
were taking the target dose of 32 mg of candesartan once daily. After 3 years of treatment,
no reduction in cardiovascular mortality was observed; however, candesartan treatment
resulted in a significant reduction in hospitalizations for heart failure (Chapter 14). These
results, especially when viewed in the context of the overall CHARM program [18], support
the use of chronic, high-dose candesartan to reduce morbidity, especially hospitalization, in
patients with diastolic heart failure. At present, it is unclear if this benefit extends to other
angiotensin-receptor type 1 blocking agents. There have been no large scale clinical trials
of angiotensin converting enzyme inhibitors, beta-blockers, diuretics, nitrates, calcium
channel blockers, digoxin or aldosterone antagonists completed to date in patients with
diastolic heart failure.

Specific Therapeutic Targets

Venous Congestion. The renin-angiotensin-aldosterone system is activated in pa-
tients who have chronic diastolic heart failure [6], but the mechanisms that evoke its
activation remain unclear in patients who have LV diastolic dysfunction. In some, myocar-
dial ischemia, uncontrolled hypertension, and excessive dietary sodium may promote to
the development of congestion, while in others, low systemic vascular resistance or low
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arterial pressure may contribute to salt and water retention [19]. Despite a limited under-
standing of the pathogenesis of salt and water retention in patients with diastolic dysfunc-
tion, diuretics remain the mainstay of therapy for venous congestion.

After treatment of the presenting syndrome, salt restriction is necessary and long-
term administration of a diuretic is usually required. By reducing the central blood volume
and lowering ventricular diastolic pressures, these agents alleviate congestive symptoms.
The potential for diuretics to reduce cardiac output, especially in patients with small LV
chambers and preserved ejection fraction at rest, must be considered and overdosing should
be avoided. With the exception of their antihypertensive effects (and possibly by promoting
subendocardial blood flow by lowering the LV diastolic pressure), diuretics do not alter
the primary disease processes that lead to diastolic dysfunction.

Thiazide diuretics may suffice for management of mild heart failure, but the adverse
effects of glucose intolerance, hypokalemia, hyperuricemia and hyponatremia (the latter
especially in fragile elderly patients) can be undesirable. Loop diuretics, such as furose-
mide, are more potent than the thiazide diuretics, especially when the glomerular filtration
rate is reduced. The combination of furosemide and a thiazide diuretic can be especially
useful when edema is refractory to either agent alone. For patients who develop hypoka-
lemia, the potassium-sparing diuretic spironolactone may be added. Spironolactone also
has the potential to retard the fibrosis that contributes to abnormal chamber stiffness,
although there is no compelling evidence to date that this effect is realized in any clinically
significant way. As stated, the effects of spironolactone on survival in diastolic heart
failure have not been prospectively studied to date.

The reduction in blood volume by diuretics triggers an increase in sympathetic tone
and intensification of renin-angiotensin activation, which can lead to further vasoconstric-
tion and worsening of the congestive state. Some vasodilators, particularly nitrates and
pure arteriolar vasodilators, evoke a similar response. ACE inhibitors, angiotensin-receptor
blockers, and beta-adrenergic blockers blunt this neurohormonal activation and decrease
the salt and water retention that complicates heart failure treatment. In addition, these
agents may also have salutary effects on the active and passive properties of the left
ventricle. If hypotension does not limit their use, ACE inhibitors can, at the very least,
provide useful adjunctive therapy in patients with diastolic dysfunction, particularly those
with evidence of a chronic congestive state. Since neurohormonal activation occurs in
patients with diastolic heart failure, albeit at a lesser degree of intensity than in patients with
systolic heart failure, some experts have anecdotally recommended empiric application of
the consensus guidelines for stepwise pharmacologic therapy of systolic heart failure in
patients with diastolic heart failure. Although unproven to date, the application of such
stepwise neurohormonal antagonism may forestall remodeling and other aspects of disease
progression in patients with diastolic heart failure.

Atrial Arrhythmias. Atrial fibrillation in patients with LV diastolic dysfunction
is usually accompanied by a substantial increase in ventricular diastolic and atrial filling
pressures that may lead to pulmonary edema and hypotension. Overt decompensation
occurs partly because of inadequate time for complete ventricular relaxation and partly
because of the loss of organized atrial systole and its substantial contribution to ventricular
filling. An attempt to restore and maintain sinus rhythm is mandatory. Direct current
cardioversion may be required on an emergency basis. In less urgent situations, electrical
or chemical cardioversion can be performed after rate control with beta-blockers, calcium
channel blockers, or digitalis. Sinus rhythm is rarely restored when atrial fibrillation com-
plicates diastolic heart failure due to cardiac amyloidosis. Even if sinus rhythm is restored,
patients with advanced cardiac amyloidosis may exhibit impaired atrial systolic contrac-
tion.
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Rate control. Excessive tachycardia is poorly tolerated in diastolic heart failure.
Atrial tachyarrhythmias and even sinus tachycardia have a negative impact on diastolic
function for several reasons. A rapid heart rate causes an increase in myocardial oxygen
demand and decrease in coronary perfusion time that can promote ischemic diastolic
dysfunction even in the absence of coronary artery disease. In addition, tachycardia does
not allow sufficient time for ventricular relaxation and, as a result, there is incomplete
relaxation between beats, which causes an increase in diastolic pressure relative to volume.
Tachycardia also reduces the diastolic filling time, which may limit ventricular filling.
Accordingly, most clinicians use beta-blockers or calcium channel blockers to prevent
excessive tachycardia and produce a relative bradycardia in patients who have diastolic
dysfunction. It should be recognized, however, that excessive or inappropriate bradycardia
can result in a fall in cardiac output despite some potential for improved filling pressures.
Such considerations underscore the need for individualizing therapeutic interventions that
affect heart rate.

The optimal target heart rate at rest and during exercise in diastolic heart failure is
not known, but it is likely that hearts evidencing diastolic heart failure would function
most efficiently at relatively slow rates. A relative bradycardia has several potentially
beneficial effects that are largely related to the salutary effects on myocardial energetics
and the prolonged diastolic interval that allows complete relaxation between beats. Further-
more, hypertrophied and failing hearts exhibit a flat or even negative force-frequency
relationship, and in contrast to normal hearts, function may improve as the rate is slowed
[20,21]. Attempts to control heart rates must be individualized, but an initial goal should
be a resting rate of approximately 65 to 70 bpm with a blunted exercise-induced increase
in heart rate. Most beta-blockers and some calcium channel blockers exert a substantial
negative chronotropic effect, but the use of such agents can be limited by hypotension or
other side effects. These agents actually exert negative lusitropic effects; their putative
benefit in diastolic heart failure is principally through control of heart rate and blood
pressure (see previous text).

Myocardial Ischemia. Extensive clinical and experimental literature documents
the deleterious effect of intermittent or chronic myocardial ischemia on diastolic function
of the left ventricle. A transient increase in LV stiffness and diastolic pressure develops
during myocardial ischemia caused by coronary spasm, exercise, rapid atrial pacing, angio-
plasty balloon inflation, and spontaneous angina [22]. Ischemia can be treated with nitrates,
beta-blockers, and calcium channel blockers, percutaneous coronary intervention, or coro-
nary artery bypass surgery. When the signs and symptoms of ischemic diastolic dysfunction
are prominent, coronary revascularization should be considered when favorable coronary
artery anatomy is delineated on coronary angiography [23]. Nonetheless, signs and symp-
toms of heart failure may persist despite successful revascularization due to chronic resid-
ual abnormalities of myocardial function.

Hypertension and Hypertrophy. Several factors contribute to the diastolic dys-
function seen in hypertensive heart disease, especially hypertensive hypertrophic cardio-
myopathy of the elderly [17,24]. First, the abnormal loading conditions imposed by arterial
hypertension reduce LV relaxation and filling rates. Second, concentrically hypertrophied
hearts exhibit increased passive stiffness (caused by a low LV volume–mass ratio and
fibrosis of the myocardium) and impaired relaxation that is independent of hemodynamic
loads. Third, limited coronary vascular reserve can be responsible for myocardial ischemia,
even in the absence of epicardial coronary disease. Each of these factors should be consid-
ered in the treatment of patients with hypertensive heart disease and diastolic dysfunction.
Abnormalities of diastolic function can be detected in asymptomatic hypertensive patients
with or without measurable ventricular hypertrophy [25]. Adequate control of the arterial
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pressure in these patients with preclinical heart disease should favorably alter loading
conditions in the short term, while promoting regression of hypertrophy.

Although the short-term treatment of elevated systemic arterial pressure tends to
augment diastolic function, the effect of load reduction is difficult to demonstrate during
long-term therapy; indeed, there is considerable variation in the effects of different antihy-
pertensive agents on myocardial relaxation. For example, despite an equivalent reduction
in arterial pressure, nifedipine augments LV filling rate and other relaxation indices, but
propranolol does not [26]. Some studies of patients who have hypertensive heart disease
indicate that diastolic dysfunction improves as LV hypertrophy regresses [27,28]. Other
studies have confirmed improved diastolic function, prolonged exercise duration, and bet-
ter heart failure scores in verapamil-treated patients who have hypertensive heart disease
and clinically significant LV diastolic dysfunction, but these clinical benefits were not
closely related to changes in blood pressure or heart rate [29]. Differences in the effects
of treatment on diastolic function probably depend on the amount of hypertrophy regres-
sion, the alterations in LV loading conditions, the direct myocardial effect of the antihyper-
tensive agent, and possibly changes in coronary flow reserve.

Progressive interstitial fibrosis accompanies the hypertrophic response to arterial
hypertension; fibrosis can also be prominent in the hypertrophy seen with aortic stenosis
and hypertrophic cardiomyopathy. This abnormal accumulation of fibrillar collagen is a
result of enhanced collagen synthesis by cardiac fibroblasts that is partially related to the
activity of the renin-angiotensin-aldosterone system. The important functional conse-
quences of progressive interstitial and perivascular fibrosis include increased myocardial
stiffness and impaired coronary flow reserve. In experimental studies, ACE inhibitors or
spironolactone appears to protect against this exaggerated fibrous tissue response [30]. In
hypertensive patients, ACE-inhibitor therapy has been shown to result in regression of
myocardial fibrosis and improvement in diastolic function; these improvements were not
closely related to changes in left ventricular mass [31]. Thus, the imperative to aggressively
treat arterial hypertension includes prevention of the deleterious effects of elevated levels
of angiotensin II and aldosterone. ACE inhibitors and angiotensin-receptor blockers are
widely used and effective antihypertensive agents that can produce regression of LV hyper-
trophy and a salutary effect on cardiac fibrosis.

Hypertrophic Cardiomyopathy and Relaxation. Although hypertrophic cardio-
myopathy (HCM) is a unique entity, diastolic dysfunction is a most important component
of its pathophysiology; thus, it may provide additional insight into the more general prob-
lem of diastolic dysfunction. The diastolic dysfunction of HCM is caused by increased
passive stiffness of the ventricle, (due to a low LV volume–mass ratio, fibrosis, and
fiber disarray) and abnormal myocardial relaxation (due to abnormal calcium metabolism,
altered loading conditions and nonuniformity) [32].

As a result of depressed calcium sequestration by the sarcoplasmic reticulum and
perhaps an increase in membrane calcium channels, myocardial calcium overload contrib-
utes to a slow or delayed myocardial relaxation (a slow and prolonged dissociation of
actin-myosin), which leads to increased diastolic tension [33]. Such prolonged relaxation
can persist throughout the entire diastolic interval, especially in the presence of tachycardia.
Assuming that the alterations in passive stiffness are relatively fixed and irreversible (which
may not be true), medical therapy has generally been directed toward the relaxation abnor-
malities and control of myocardial loads.

The calcium channel blockers (verapamil, diltiazem, and nifedipine) can improve
many of the abnormal indices of relaxation and provide symptomatic relief [33]. Vera-
pamil, the most widely used calcium channel blocker in hypertrophic cardiomyopathy,
has a beneficial effect on angina and dyspnea; it also improves exercise capacity [15].
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Therapy is initiated at a low dosage (120–240mg per day) and gradually increased to
360–480mg per day; the optimal dose is determined by the symptomatic response of
the patient. Unfortunately, the vasodilating effects of calcium channel blockers can lead
unpredictably to intensification of an outflow obstruction or hypotension even in the ab-
sence of obstruction.

Although beta-blockers do not directly augment ventricular relaxation rate, they are
commonly used in patients who have hypertrophic cardiomyopathy. Angina, dyspnea, and
presyncopal symptoms tend to improve during treatment. Angina seems to respond more
favorably than dyspnea. Thus, treatment with metoprolol may be initiated at 25 to 50 mg
twice a day; the dose is then gradually increased to 100 to 200 mg depending on the
clinical response. Some patients require higher doses to achieve a beneficial effect on
exercise capacity and symptoms.

Exercise Intolerance. Patients who have a history of diastolic heart failure (as
well as those who have diastolic dysfunction and little or no congestion) exhibit exercise
intolerance that has two major causes. First, elevated LV diastolic, left atrial, and pulmo-
nary venous filling pressures cause a reduction in lung compliance that increases the work
of breathing and evokes the symptom of dyspnea. Increased LV diastolic pressures during
exercise may also limit subendocardial blood flow during periods of increased myocardial
oxygen demand, further worsening diastolic function. Second, an inadequate cardiac output
during exercise contributes to fatigue of the skeletal muscles and the accessory muscles of
respiration. However, neither of these pathophysiological mechanisms provides a complete
explanation for substantial exercise intolerance observed in many of these patients with
heart failure [34]. Given the limited understanding of the precise factors responsible for
dyspnea and fatigue, it has been difficult to develop a standardized treatment plan for
patients with chronic diastolic heart failure. Certainly, hypertension, myocardial ischemia,
and clinically apparent congestion must be treated, but caution must be exercised to avoid
even mild volume depletion that can contribute to a reduced cardiac output.

A most important (and largely ignored) treatment should be directed against the
physical deconditioning that is prominent in many patients with diastolic heart failure.
Cardiac rehabilitation programs can be very helpful in improving symptoms and functional
capacity but have not been shown to favorably alter prognosis [35].

Although calcium channel blockers and beta-blockers improve symptoms in some
patients with LV diastolic dysfunction, the benefit on exercise capacity is not always
paralleled by improved measures of LV diastolic function. For example, in symptomatic
patients who have hypertrophic cardiomyopathy, a placebo-controlled, double-blind com-
parison of the effects of verapamil and propranolol on exercise tolerance indicated that
both agents produced an increase in exercise duration; however, relaxation rate increased
with verapamil and decreased with propranolol treatment [36]. The observation that vera-
pamil effects persisted in the long-term [15], and can be effective in relieving symptoms
in patients who have other causes of diastolic dysfunction [29] has made this agent a
treatment of choice for exercise intolerance. Beta-blockers remain an acceptable alterna-
tive. Despite their direct depressant effects on myocardial relaxation, these agents can
sometimes improve exercise tolerance.

ACE inhibitors or angiotensin II-receptor blocking agents also have the potential to
improve exercise tolerance in patients who have diastolic dysfunction. Treatment with
losartan has been shown to produce an increase in exercise capacity and to improve quality
of life in patients who have hypertensive cardiovascular disease and documented diastolic
dysfunction [37]. These responses are similar to those reported for patients treated with
verapamil [29]. The salutary effects of losartan and verapamil are, at least in part, related
to their antihypertensive effect.
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Positive Inotropic Drugs

Positive inotropic agents are generally not used in the long-term treatment of patients with
diastolic heart failure because the ejection fraction is preserved and there is little potential
for an acute or chronic beneficial effect. Such agents also carry substantial risk, especially
in the typical elderly patient with acutely decompensated diastolic heart failure. Anecdot-
ally, positive inotropic agents may have a short-term beneficial effect in a very small
number of acutely or severely ill patients, particularly those with advanced restrictive
cardiomyopathies, perhaps by primarily redistributing a limited cardiac output to hypoper-
fused vital circulatory beds rather than increasing total cardiac output. However, virtually
all positive inotropic agents have the potential to worsen the pathophysiological processes
that cause more typical diastolic dysfunction in patients without advanced restrictive cardi-
omyopathies. For example, digitalis, by inhibiting the sodium-potassium adenosine tri-
phosphatase pump, augments intracellular calcium through a sodium-calcium exchange
mechanism and enhances the contractile state. By doing so, digitalis produces an increase
in systolic energy demands while adding to a diastolic calcium overload. These effects
may not be clinically apparent in many circumstances, but during hemodynamic stress or
ischemia, digitalis may promote or contribute to diastolic dysfunction [38]. Data from the
DIG (Digitalis Investigators Group) study, however, suggest that digitalis might have a
modest beneficial effect, despite a normal LVEF on some clinical outcome measures, such
as heart failure hospitalizations [39]. However, this trial also reported a corresponding
increase in endpoints related to myocardial ischemia and ventricular arrhythmias during
digoxin administration. Recognizing conflicting opinions on this issue, most clinicians do
not use digitalis in patients with diastolic heart failure.

Beta-adrenergic agonists, by increasing intracellular cyclic adenosine monophos-
phate, enhance calcium sequestration by the sarcoplasmic reticulum and promote a more
rapid and complete myocardial relaxation between beats [40]. Beta-agonists can also in-
crease venous capacitance, which leads to a reduction in ventricular filling pressures.
Phosphodiesterase inhibitors can produce similar salutary effects on myocardial relaxation
and venous capacitance [41]. Unfortunately, all cyclic adenosine monophosphate-depen-
dent agents promote calcium influx into the cell and augment myocardial energy demands.
Thus, milrinone, enoximone, and similar agents should be used only in the short-term
management of acute, severely decompensated diastolic heart failure. As is the case with
the use of any positive inotropic agent in patients with heart disease, the therapeutic risk-
benefit ratio must be considered in detail, and such agents must be used with appropriate
caution and acknowledgement of their risk. As stated, the patients most likely to benefit
are those rare patients with advanced or end-stage restrictive cardiomyopathies. In the
absence of advanced restrictive cardiomyopathy, the typical patient with hypertensive or
age-dependent diastolic heart failure is unlikely to benefit either acutely or chronically
from inotropic therapy compared with more conventional therapies. The routine use of
positive inotropic agents in patients with acute or chronic diastolic heart failure is not
recommended.

SUMMARY

The management of diastolic heart failure has two major objectives. The first is to reverse
the consequences of diastolic dysfunction (e.g., venous congestion and exercise intoler-
ance). The second is to eliminate or reduce the factors responsible for diastolic dysfunction
(e.g., ischemia, hypertrophy, and fibrosis). Thus, the long-term management of patients
with diastolic heart failure includes salt restriction, a diuretic, and inhibition of the renin-
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angiotensin-aldosterone system. In selected patients, beta-adrenergic blocking agents, cal-
cium channel blocking agents and antiischemic therapies can be beneficial. Randomized
clinical trials are needed to assess the efficacy and optimal dosage of pharmacological
therapy in diastolic heart failure.
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Cardiac Resynchronization Therapy
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INTRODUCTION

Electrophysiological disturbances are common in the setting of chronic left ventricular
dysfunction with or without heart failure. Approximately one-third of patients with systolic
heart failure have a QRS duration greater than 120 millisecond, which is most commonly
manifested as left bundle branch block [1,2]. Such electrical disturbances result in left
ventricular (i.e., intraventricular) dyssynchrony with paradoxical septal wall motion, which
further impairs the pumping ability of an already struggling heart [3–6]. In particular, left
ventricular dyssynchrony causes suboptimal ventricular filling, prolonged duration of mi-
tral regurgitation, and a reduction in left ventricular pressure development (dP/dt). Inter-
ventricular dyssynchrony also occurs in the setting of bundle branch block, adversely
affecting the timing of left and right ventricular ejection. Ventricular dyssynchrony, defined
electrocardiographically by a prolonged QRS duration, has been associated with increased
mortality in heart failure patients [7–10].

Despite equivocal results from early attempts to use right-sided, dual chamber pacing
to treat advanced systolic heart failure [11–16], atrial-synchronized biventricular pacing
has proved useful in the management of certain patients with chronic systolic heart failure
and ventricular dyssynchrony. This form of pacing therapy is now referred to as cardiac
resynchronization therapy. The development of cardiac resynchronization therapy for the
treatment of heart failure has progressed rapidly over the past several years. Early studies
provided proof of concept, supporting the benefit of biventricular pacing in heart failure,
via mechanistic, short-term, and longer-term observational studies [5,6,17–25]. Cazeau
and colleagues [17] performed the first application of atrial-synchronized biventricular
pacing by using four chamber pacing in a 54-year-old man with NYHA (New York Heart
Association) class IV heart failure and significant conduction disturbances (QRS duration
of 200 milliseconds, PR interval of 200 milliseconds, and an interatrial conduction interval
of 90 milliseconds). After placing standard transvenous pacing leads in the right atrium
and right ventricle, the left atrium was paced by a lead placed in the coronary sinus, while
the left ventricle was paced by an epicardial lead located on the left ventricular free wall.
After 6 weeks of pacing, the patient experienced a marked improvement in his clinical
status with a weight loss of 17 kg and a disappearance of peripheral edema. His functional
class improved to NYHA class II.
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Such favorable anecdotal experiences lead to small studies evaluating the acute
hemodynamic effects of biventricular pacing. Positive results were achieved in studies by
Foster and colleagues [18] and Saxon and associates [5], who evaluated the effects of
temporary epicardial, atrial-synchronized biventricular pacing in postoperative cardiac
surgery patients with reduced left ventricular function. Overall, patients demonstrated
acute improvements in cardiac hemodynamic performance. The consequences of the acute
and longer-term effects of biventricular pacing in heart failure were evaluated soon after
and were equally encouraging, with patients showing consistent, often sustained, improve-
ment in exercise tolerance, NYHA functional class, and cardiac output [19–25].

The first randomized controlled trials designed to evaluate the effects of cardiac
resynchronization therapy on quality of life, functional status, and exercise capacity were
begun in 1998–1999 [26–35]. These trials affirmed that cardiac resynchronization therapy
was safe and clinically effective in heart failure patients. In addition, cardiac resynchroniza-
tion therapy was shown to improve left ventricular size and function. Finally, randomized
controlled trials to assess the effects of cardiac resynchronization therapy on morbidity
and mortality were initiated, starting in 2000 [36–38]. The first of these trials reported
demonstrated improved morbidity as well as reduced mortality for patients with moderate-
to-severe heart failure [37]. This study showed that the addition of defibrillation therapies
in conjunction with cardiac resynchronization further improved patient outcomes.

The mechanisms of action and proven clinical benefits of cardiac resynchronization
therapy are reviewed in this chapter. In addition, recommendations for patient selection
based on the results of randomized controlled trials are made, to encourage the evidence-
based application of cardiac resynchronization in heart failure patients.

MECHANISMS OF ACTION

Early studies of biventricular pacing provided important insight into the mechanisms of
action of cardiac resynchronization therapy through electrocardiographic and echocardio-
graphic data. The hemodynamic improvement seen with cardiac resynchronization therapy
is related to its ability to increase left ventricular filling time, decrease septal dyskinesis,
and reduce mitral regurgitation or the deleterious effects of ventricular dyssynchrony in
the failing heart. Over time, these effects of resynchronization therapy result in improve-
ments in ventricular geometry and function, compatible with reverse remodeling of the
heart. Other mechanisms, as yet undetermined, may contribute to the clinical benefits of
cardiac resynchronization therapy.

Increased Left Ventricular Filling Time

In the presence of a long AV (atrioventricular) delay and/or an interventricular conduction
delay (IVCD), left ventricular activation is delayed, but atrial activation is not. Hence,
both early passive left ventricular filling and the atrial ‘‘kick’’ may occur simultaneously,
resulting in deceased total transmitral blood flow and diminished preloading of the left
ventricle [39]. These events are often seen as a fusion of the E and A waves on Doppler
echocardiogram of transmitral blood flow. With atrial-synchronized biventricular pacing,
both ventricles are activated simultaneously; thus, the left ventricle is able to complete
contraction and begin relaxation earlier, which increases filling time. The effect of cardiac
resynchronization can be seen by the return of normal E and A wave separation on Doppler
echocardiogram of transmitral blood flow.
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Decreased Septal Dyskinesis

Although left ventricular activation and contraction are delayed in the presence of an
IVCD, septal activation and contraction are not. This timing mismatch results in septal
dyskinesis or paradoxical septal wall motion, as the septum moves away from the left
ventricular free wall during systole. This paradoxical septal wall motion impairs mitral
valve function, thereby increasing mitral regurgitation and reducing the septum’s contribu-
tion to left ventricular stroke volume [40]. With cardiac resynchronization therapy, the
ventricles are activated simultaneously, thus improving ventricular contraction pattern by
allowing left ventricular ejection to occur prior to relaxation of the septum, resulting in
decreased mitral regurgitation and increased left ventricular stroke volume [27].

Reduced Mitral Regurgitation

In the presence of a long PR interval and/or an IVCD, mitral valve closure may not be
complete, since atrial contraction is not followed by a properly timed ventricular systole.
If the time lag is long enough, a ventricular-atrial pressure gradient may develop and cause
diastolic mitral regurgitation [41]. By resynchronizing AV activation and contraction,
normal mitral valve timing is restored and regurgitation is potentially reduced or elimi-
nated. In addition, the improvement in left ventricular contraction pattern also serves to
minimize regurgitant flow across the mitral valve, as previously noted. Serial evaluations
in large numbers of heart failure patients with ventricular dyssynchrony have confirmed
a marked reduction in mitral regurgitant flow following initiation of cardiac resynchroniza-
tion therapy [31].

Left Ventricular Reverse Remodeling

Numerous small mechanistic studies and the results of randomized controlled trials suggest
a beneficial effect of cardiac resynchronization therapy on ventricular remodeling. Left
ventricular end-systolic and end-diastolic dimensions have been shown to decrease and
ejection fraction to increase modestly during chronic resynchronization therapy. Yu and
colleagues [42] evaluated 25 NYHA class III or IV heart failure patients with baseline
ejection fractions less than 40% and QRS durations greater than 140 milliseconds treated
with biventricular pacing therapy. Subjects were assessed serially during 3 months of
pacing and after pacing had been withheld for 4 weeks. During cardiac resynchronization
therapy, there was a progressive improvement in ventricular structure and function. At
3 months, significant improvements were noted in ejection fraction, dP/dt, myocardial
performance index, and mitral regurgitation. Left ventricular end-diastolic and end-systolic
volumes were significantly reduced from 205 � 68 to 168 � 67 ml and from 162 � 54
to 122 � 42 ml, respectively. However, withholding pacing resulted in a progressive but
not immediate loss of effect (i.e., pathophysiological adverse remodeling again ensued
resulting in increased ventricular volumes and a reduction in ejection fraction).

Such observations have since been made in studies of hundreds of heart failure
patients. In the Multicenter InSync Randomized Clinical Evaluation (MIRACLE), serial
Doppler echocardiograms were obtained at baseline, 3, and 6 months in 323 optimally
treated NYHA class III and IV heart failure patients [31]. Cardiac resynchronization ther-
apy for 6 months was associated with reduced end-diastolic and end-systolic volumes
(both p � 0.001), reduced left ventricular mass (p � 0.01), increased ejection fraction
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Figure 1 Effects of cardiac resynchronization therapy on measures of left ventricular struc-
ture and function. From left to right, paired median change from baseline at 6 months is
shown for left ventricular ejection fraction (LVEF), mitral regurgitant (MR) jet area, and left
ventricular end-diastolic dimension (LVEDD) determined echocardiographically. Baseline
values for LVEF, MR jet area, and LVEDD were 22 � 6%, 7.2 � 4.9 cm2, and 69 � 10
mm, respectively, in the control group (open circles) and 22 � 6%, 7.6 � 6.4 cm2, and 70
� 10 mm, respectively, in the resynchronization group (solid diamonds). (From Ref. 31;
adapted.)

(p � 0.001), reduced mitral regurgitant blood flow (p � 0.001), and improved myocardial
performance index (p � 0.001) as compared with control (Fig. 1).

MAJOR CLINICAL TRIALS OF CARDIAC RESYNCHRONIZATION
THERAPY

A number of observational as well as randomized, controlled trials have recently been
completed and others are currently under way to evaluate the safety, efficacy, and long-term
effects of cardiac resynchronization therapy in the heart-failure population. The weight of
evidence supporting the beneficial effects of cardiac resynchronization therapy for the
treatment of heart failure is now quite substantial. To date, more than 4000 patients have
been evaluated in randomized single- or double-blinded controlled trials, and several
hundred more patients have been assessed in uncontrolled or observational studies. Table
1 reviews the inclusion criteria and current status of completed and of some ongoing
randomized controlled trials of cardiac resynchronization in heart failure. These studies
include the Pacing Therapies in Congestive Heart Failure (PATH-CHF) trial [26–28], the
Multisite Stimulation in Cardiomyopathy (MUSTIC) studies [29,34], the MIRACLE trial
[31], MIRACLE ICD [35], the VENTAK CHF/CONTAK CD Trials [32], the Cardiac
Resynchronization in Heart Failure (CARE HF) trial [38], and the Comparison of Medical
Therapy, Pacing and Defibrillation in Heart Failure (COMPANION) trials [36,37].

PATH-CHF

The PATH-CHF study [26–28] was a single-blind, randomized, controlled crossover trial
designed to evaluate the effects of biventricular pacing on acute hemodynamic function
and to assess any chronic clinical benefit in NYHA class III or IV heart failure patients
with idiopathic or ischemic dilated cardiomyopathy. Primary endpoints were the effect
of pacing on oxygen consumption at peak exercise and at anaerobic threshold during
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Table 1 Major Randomized Controlled Trials of Cardiac Resynchronization Therapy

Study (N Random) NYHA QRS SINUS ICD? Status

MIRACLE (524a) III, IV �130 NORMAL NO PUBLISHED
MUSTIC SR (58) III �150 NORMAL NO PUBLISHED
MUSTIC AF (43) III �200d AF NO PUBLISHED
PATH CHF (42) III, IV �120 NORMAL NO PUBLISHED
CONTAK CD (581b) III–IV �120 NORMAL YES PUBLISHED
MIRACLE ICD (362c) III–IV �130 NORMAL YES PUBLISHED
PATH CHF II (89) III, IV �120 NORMAL NO PRESENTED
COMPANION (1520) III, IV �120 NORMAL NO PUBLISHED
PACMAN (328) III �150 NORMAL NO ENROLLED
MIRACLE ICD II (186) II �130 NORMAL YES PRESENTED
VECTOR (420) II–IV �140 NORMAL NO ENROLLING
CARE HF (800) III, IV �120e NORMAL NO ENROLLED

LVEF 35% or less for all trials.
a Includes 71 patients enrolled in 3-month pilot study.
b Includes 248 patients enrolled in 3-month crossover phase.
c Excludes class II patients.
d RV paced QRS.
e Echo-based criteria for QRS less than 150 milliseconds.

cardiopulmonary exercise testing and 6-minute hall walk. Secondary endpoints included
changes in NYHA class, quality of life (assessed by the Minnesota Living with Heart
Failure questionnaire), and hospitalization frequency. Changes in echocardiographic pa-
rameters, LVEF, cardiac output, and filling pattern, were also assessed.

The PATH-CHF study consisted of four phases: (a) preoperative patient evaluation
phase, (b) an intraoperative acute testing phase using a proprietary computer and software
to guide the selection of an optimal AV delay and pacing site for the chronic pacing phase,
(c) a randomized crossover protocol using two different pacing modes, each 4 weeks in
duration with a 4-week control phase in between, and (d) a chronic pacing phase.

The study began in the summer of 1995 and enrolled 42 patients. An interim analysis
assessing the differences in benefit between pacing and no pacing was performed in the
spring of 1998, and the results were encouraging, with a trend toward improvement in all
primary and secondary endpoints during pacing [28]. However, the results are weakened
by the small number of patients studied, the study’s single-blind design, and the observation
that functional endpoints did not return to baseline during the ‘‘pacing off’’ control or
wash-out period.

MUSTIC

Begun in March 1998, the MUSTIC trial was designed to evaluate the safety and clinical
efficacy of cardiac resynchronization in patients with severe heart failure of either an
idiopathic, or ischemic origin [29,34]. MUSTIC was really two studies. The first study
involved 58 randomized patients with NYHA class III heart failure, normal sinus rhythm,
and QRS duration of at least 150 milliseconds. All patients were implanted with a device,
and after a run-in period, patients were randomized in a single-blind fashion to receive
either active pacing or no pacing. After 12 weeks, patients were crossed-over and remained
in the alternate study assignment for 12 weeks. After completing this second 12-week
period, the device was programmed to the patient’s preferred mode of therapy.
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The second MUSTIC study involved few patients (only 37 completers) with atrial
fibrillation and slow ventricular rates (either spontaneously or from radiofrequency abla-
tion). A VVIR biventricular pacemaker and leads for each ventricle were implanted, and
the same randomization procedure described above was applied. However, biventricular
VVIR pacing vs. single-site right ventricular VVIR pacing, instead of no pacing, were
compared in this group.

The primary endpoints for MUSTIC were exercise tolerance (assessed by measure-
ment of peak VO2 or the 6-minute hall walk test) and quality of life (assessed using
the Minnesota Living with Heart Failure questionnaire). Secondary endpoints included
rehospitalizations and/or drug therapy modifications for worsening heart failure. Results
from the normal sinus rhythm arm of MUSTIC showed that during the active pacing
phase, the mean distance walked in 6 minutes was 23% greater than during the inactive
pacing phase (P � 0.001) [29]. Significant improvement was also seen in quality of life
and NYHA class. Fewer hospitalizations occurred during active resynchronization therapy
as well. Similar effects have been reported in the atrial fibrillation arm of MUSTIC [34],
although the magnitude of benefit appeared to be somewhat less than that seen in patients
in normal sinus rhythm.

MIRACLE

The early, positive results from observational studies and from single-blinded controlled
trials led to the development of the MIRACLE trial [30]. As the first prospective, random-
ized, double-blind, parallel-controlled clinical trial, MIRACLE was designed to validate
the results from previous cardiac resynchronization studies and to further evaluate the
therapeutic efficacy and identify mechanisms of potential benefit of cardiac resynchroniza-
tion therapy. Primary endpoints were NYHA class, quality of life score (using the Minne-
sota Living with Heart Failure questionnaire), and 6-minute hall walk distance. Secondary
endpoints included assessments of a composite clinical response, cardiopulmonary exercise
performance, neurohormone and cytokine levels, QRS duration, cardiac structure and
function, and a variety of measures of worsening heart failure and combined morbidity
and mortality.

The MIRACLE trial began in October 1998 and was completed late in 2000. Four
hundred fifty-three patients with moderate-to-severe symptoms of heart failure associated
with a left ventricular ejection fraction 35% or less and a QRS duration of 130 ms or
more were randomized (double-blind) to either cardiac resynchronization (n � 228) or
to a control group (n � 225) for 6 months, while conventional therapy for heart failure
was maintained [31]. Compared with the control group, patients randomized to cardiac
resynchronization demonstrated a significant improvement in quality of life score (�18.0
vs. �9.0 points, p � 0.001), 6-minute walk distance (�39 vs. �10 meters, p � 0.005),
NYHA functional class ranking (�1.0 vs. 0.0 class, p � 0.001), treadmill exercise time
(�81 vs. �19 sec, p � 0.001), peak VO2 (�1.1 vs. 0.1 ml/kg/min, p � 0.01), and left
ventricular ejection fraction (�4.6% vs. �0.2%, p � 0.001). Cardiac resynchronization
therapy patients demonstrated a highly significant improvement in the composite clinical
heart failure response endpoint, as compared with control subjects, suggesting an overall
improvement in heart failure clinical status. Further, fewer patients in the cardiac resyn-
chronization group required hospitalization (8% vs. 15%) or intravenous medications (7%
and 15%) for the treatment of worsening heart failure (both p � 0.05) when compared
with the control group (Fig. 2). This 50% reduction in hospitalization for the cardiac
resynchronization group was accompanied by a significant reduction in length of stay,
resulting in a 77% decrease in total days hospitalized over 6 months compared with the
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Figure 2 Effect of cardiac resynchronization on the composite endpoint of death or hospi-
talization for heart failure. Kaplan-Meier estimates of the time to death or hospitalization for
worsening heart failure among patients randomized to the control group and those random-
ized to cardiac resynchronization. The risk of an event was 40% lower in the resynchroniza-
tion group (95% confidence level, 4% to 63%; p � 0.03). (From Ref. 31.)

control group. Implantation of the device was successful in 92% of patients. The results
of this trial led to the U.S. Food and Drug Administration (FDA) approval of the InSync
system in August 2001.

MIRACLE ICD

MIRACLE ICD was a prospective, multicenter, randomized, double-blind, parallel-con-
trolled clinical trial intended to assess the safety and clinical efficacy of a combined
implantable cardioverter-defibrillator (ICD) and cardiac resynchronization system in pa-
tients with dilated cardiomyopathy (LVEF � 35%, LVEDD � 55 mm), NYHA class III
or IV heart failure (a cohort of class II patients was also enrolled), IVCD (QRS � 130
millisecond), and an indication for an ICD. The MIRACLE ICD study was designed to
be nearly identical to the MIRACLE trial. Primary and secondary efficacy measures were
essentially the same as those evaluated in the MIRACLE trial, but measures of cardioverter-
defibrillator function (including the efficacy of antitachycardia therapy with biventricular
pacing) were also included.

Of 369 patients receiving devices and randomized, 182 were controls (cardioverter
defibrillator activated, cardiac resynchronization off) and 187 were in the resynchronization
group (cardioverter defibrillator activated, cardiac resynchronization on) [35]. At 6 months,
patients assigned to cardiac resynchronization had a greater improvement in median quality
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Figure 3 Effects of cardiac resynchronization therapy on quality of life and functional sta-
tus. Left panel demonstrates the effect of resynchronization therapy on quality of life deter-
mined by the Minnesota Living with Heart Failure Questionnaire (MLWHF) whereas the right
panel depicts the proportion of patients with an improvement in NYHA functional class
ranking of at least one class. Data are taken from four independent randomized controlled
trials of resynchronization therapy, as indicated on the figure. Improvements seen in patients
actively treated with cardiac resynchronization (shaded bars) significantly exceed those
observed in the control groups (white bars), with all p-values less than 0.05 as depicted by
the *. The consistency of effect is visible across the four studies.

of life score (�17.5 vs. �11.0, p � 0.02) and functional class (�1 vs. 0, p � 0.007)
than controls, but were no different than controls in the change in distance walked in 6
minutes (55 m vs. 53 m, p � 0.36). Peak oxygen consumption increased by 1.1 ml/kg/
min in the cardiac resynchronization group, vs. 0.1 ml/kg/min in controls (p � 0.04),
while treadmill exercise duration increased by 56 sec in the resynchronization group and
decreased by 11 sec in controls (p � 0.0006). The magnitude of improvement was compa-
rable to that seen in the MIRACLE trial (Figs. 3 and 4), suggesting that heart failure
patients with an ICD indication benefit as much from cardiac resynchronization therapy
as those patients without an indication for an ICD.

Of note in the MIRACLE ICD trial, the efficacy of biventricular antitachycardia
pacing was significantly greater than that seen in right ventricular antitachycardia pacing.
This observation suggests another potential benefit of an ICD combined with a resynchro-
nization device in such patients. Finally, no proarrhythmia was observed and arrhythmia
termination capabilities were not impaired by the addition of resynchronization therapy.
This device was approved for use in NYHA class III and IV systolic heart failure patients
with ventricular dyssynchrony and an ICD indication in June 2002.

CONTAK CD

The CONTAK CD trial enrolled 581 symptomatic heart failure patients with ventricular
dyssynchrony and malignant ventricular tachyarrhythmias, who were all candidates for
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Figure 4 Effects of cardiac resynchronization therapy on exercise capacity. The effects
of resynchronization therapy on the 6-minute hall walk distance and on peak oxygen con-
sumption (VO2) are shown on the right and left panels, respectively. Data are taken from
four independent randomized controlled trials of resynchronization therapy, as indicated on
the figure. Improvements seen in patients actively treated with cardiac resynchronization
(shaded bars) significantly exceed those observed in the control groups (white bars), with
all p-values less than 0.05 as depicted by the *. As in Fig. 3, the consistency of effect is
visible across the four studies with the exception of the 6-minute hall walk finding observed
in MIRACLE ICD.

an implantable cardioverter-defibrillator. Following unsuccessful implant attempts and
withdrawals, 490 patients were available for analysis [32]. The study did not meet its
primary endpoint of a reduction in disease progression, defined by a composite endpoint
of morbidity (heart failure hospitalization), mortality, and ventricular arrhythmia requiring
defibrillator therapies, although the trends were in a direction favoring cardiac improved
outcome with resynchronization therapy. However, the CONTAK CD trial did demonstrate
statistically significant improvements in peak oxygen uptake and quality of life in the
resynchronization group compared with control subjects, although quality of life was
improved only in NYHA class III and IV patients without right bundle branch block. Left
ventricular dimensions were also reduced, and left ventricular ejection fractions increased,
as seen in other trials of cardiac resynchronization therapy. Importantly, the improvement
seen in peak VO2 with cardiac resynchronization was again comparable to that observed
in the MIRACLE trial. Improvements in NYHA functional class were not observed in
this study. The CONTAK CD device was approved for use in NYHA class III and IV
systolic heart failure patients with ventricular dyssynchrony and an ICD indication in May
2002.

COMPANION

Begun in early 2000, COMPANION was a multicenter, prospective, randomized, con-
trolled clinical trial designed to compare drug therapy alone to drug therapy in combination
with cardiac resynchronization in patients with dilated cardiomyopathy, an IVCD, NYHA
class III or IV heart failure, and no indication for a device [36,37]. COMPANION random-
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ized 1520 patients into one of three treatment groups in a 1:2:2 allocation: Group 1 (308
patients) received optimal medical care only, Group II (617 patients) received optimal
medical care and the Guidant CONTAK TR (biventricular pulse generator), and Group
III (595 patients) received optimal medical care and the CONTAK CD (combined heart
failure/bradycardia/tachycardia device). The primary endpoint of the COMPANION trial
was a composite of all-cause mortality and all-cause hospitalization (measured as time to
first event) beginning from time of randomization. Secondary endpoints included all-cause
mortality and a variety of measures of cardiovascular morbidity. When compared with
optimal medical therapy alone, the combined endpoint of mortality or heart failure hospital-
ization was reduced by 35% for patients receiving cardiac resynchronization therapy and
40% for patients receiving cardiac resynchronization plus defibrillator therapy (both p �
0.001). For the mortality endpoint alone, cardiac resynchronization therapy patients had
a 24% risk reduction (p � 0.060) and cardiac resynchronization therapy plus defibrillator
implanted patients experienced a risk reduction of 36% (p � 0.003), when compared
with optimal medical therapy. COMPANION confirmed the results of earlier cardiac
resynchronization therapy trials in improving symptoms, exercise tolerance, and quality
of life for heart failure patients with ventricular dyssynchrony. In addition, COMPANION
showed for the first time the impact of cardiac resynchronization plus defibrillator therapy
in reducing all-cause mortality.

CARE-HF

Another randomized controlled morbidity and mortality trial is CARE-HF. This study
compares optimal medical therapy alone to optimal medical therapy plus cardiac resyn-
chronization in 800 patients with NYHA class III or IV systolic heart failure and ventricular
dyssynchrony determined by either electrocardiographic (QRS duration � 150 millisec-
onds) or echocardiographic (QRS duration � 120 and � 150 milliseconds plus echocardio-
graphic evidence of dyssynchrony) criteria [38]. CARE-HF is now fully enrolled with
results expected in late 2004.

LIMITATIONS OF CARDIAC RESYNCHRONIZATION THERAPY

The success rate for placement of a transvenous cardiac resynchronization system has
ranged from about 88% to 92% in clinical trials. This means that 8% to 12% of patients
undergoing an implant procedure will not attain a functioning system using this approach.
Patients with failed implants must then settle for either another attempt at transvenous
placement of the left ventricular lead or epicardial placement of the lead, or they must
resign themselves to the absence of cardiac resynchronization therapy. Implant-related
complications are similar to those seen with standard pacemaker and defibrillator technolo-
gies, with the additional risk of dissection or perforation of the coronary sinus during
placement of the left ventricular lead. Although rare, this event may lead to substantial
morbidity and even mortality in heart failure patients. Finally although many patients
benefit from resynchronization therapy, about one-quarter to one-third of patients have
no demonstrable benefit as measured in clinical trials. In such responders, the risk-benefit
ratio for cardiac resynchronization is likely unfavorable. Unfortunately, there exist no
reliable prospective predictors of responsiveness to resynchronization therapy at the pres-
ent time.
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CANDIDATES FOR CARDIAC RESYNCHRONIZATION THERAPY

The criteria for selecting patients for cardiac resynchronization therapy are primarily deter-
mined by the inclusion/exclusion criteria of the major randomized controlled trials, espe-
cially MIRACLE, MIRACLE ICD, CONTAK CD and COMPANION. In general, patients
with chronic, moderate or severe (NYHA class III–IV) heart failure despite optimal stan-
dard medical therapy, a left ventricular ejection fraction less than 35%, left ventricular
end diastolic diameter greater than 55 to 60 mm, QRS duration greater than 120 to 130
milliseconds, and with or without an indication for an ICD, benefit the most from cardiac
resynchronization therapy. Future randomized clinical trials should help to further define
exactly which patients will be the best candidates for cardiac resynchronization therapy
and thus potentially extend the promise of this therapy to patients with milder degrees of
heart failure and/or ventricular dyssynchrony.

SUMMARY

Cardiac resynchronization therapy is a newer therapeutic modality for patients with ventric-
ular dyssynchrony and moderate-to-severe heart failure. Experience has shown it to be
safe and effective, with patients demonstrating significant improvement in both clinical
symptoms, measures of functional status and exercise capacity, and echocardiographic
parameters. Ongoing and future clinical trials should help to further define the ideal patient
with systolic heart failure for cardiac resynchronization.
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SYNOPSIS

Atrial and ventricular cardiac arrhythmias, nearly ubiquitous in the heart failure patient
population, often accompany and contribute to clinical decompensations. Atrial fibrillation
and flutter are the most common supraventricular arrhythmias, and are managed with a
combination of rate control, anticoagulation, antiarrhythmic drugs, and ablation where
appropriate. Nonsustained ventricular arrhythmias are common, but sudden cardiac death
risk varies depending on etiology of heart failure and other clinical features. In addition
to implantable cardiac defibrillators to prophylax against arrhythmic sudden death, antiar-
rhythmic drugs and occasionally catheter ablation are required. In summary, arrhythmia
management in the heart failure population is complex, requiring careful integration of
varied strategies including medication and procedures. Equally important are device thera-
pies, such as implantable defibrillators for prophylaxis of sudden death, and adjunctive
left ventricular pacing for cardiac resynchronization therapy. Because of the potential risks
and benefits of these therapeutic modalities peculiar to the heart failure population, it
is essential that management is integrated between patient, heart failure specialist, and
electrophysiologist.

In the heart failure patient population, cardiac arrhythmias frequently contribute to
worsened symptoms, periodic decompensations, and increased mortality in the form of
sudden death. Arrhythmia recognition and management is an important aspect of caring
for these patients. Chronic heart failure predisposes to both supraventricular and ventricular
arrhythmias. The etiologic diversity of patients with heart failure has an impact on the
incidence of arrhythmias and on diagnostic and therapeutic strategies. Arrhythmia preven-
tion and management plans, taking into account the potential benefits and risks of implanta-
ble defibrillators, left ventricular pacing for cardiac resynchronization therapy, antiarrhyth-
mic drugs and ablation, often require careful integration with heart failure management.

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
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hepatic or renal excretion and drug interactions are common. In addition, depressed ventric-
ular function is associated with a greater risk of drug induced proarrhythmia, such as drug-
induced polymorphic VT (e.g., torsades 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. [1–3] Beta-adrenergic blockers can help control the ventricu-
lar response to atrial fibrillation and diminish symptoms of palpitations from supraventricu-
lar arrhythmias and premature ventricular contractions. [4] Many ventricular arrhythmias
are aggravated by sympathetic stimulation. Beta-adrenergic blockers are also effective in
reducing many ventricular arrhythmias. In addition, sympathetic stimulation can blunt or
reverse the electrophysiological effects of amiodarone and other antiarrhythmic drugs. A
combination of a beta-adrenergic blocker with another antiarrhythmic drug can be useful.
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 propafenone) have nega-
tive inotropic effects (with the possible exception of quinidine) [5,6]. 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 erythematosus, 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 insuffi-
ciency.

Class I antiarrhythmic drugs also have a potential for proarrhythmia that is likely
aggravated by the electrophysiological changes of heart failure and hypertrophy [7,8].
These adverse effects of Class I antiarrhythmic drugs likely explain the increases in mortal-
ity observed when these agents were administered to patients with prior myocardial infarc-
tion, to patients with heart failure and atrial fibrillation, and to patients who had been
resuscitated from a cardiac arrest [2,7,9].

Amiodarone

Amiodarone is the major option for antiarrhythmic drug therapy in patients with heart
failure, largely because it is a relatively safe from a cardiac standpoint [10–12]. Amiodar-
one 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 [10,11]. A meta-analysis of randomized
trials in patients with heart failure concluded that amiodarone reduced mortality by 17%
and reduced sudden death by 23% [13]. Although benefit is controversial, a major adverse
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impact on mortality is unlikely. Noncardiac toxicities are the major limitation (see follow-
ing text).

Subgroup analysis suggests that amiodarone may be more likely to be beneficial for
patients with nonischemic cardiomyopathy, those who have a relatively elevated resting
heart rate (� 90/min), and for those who are being concomitantly treated with beta blockade
[10,11]. Ventricular proarrhythmia is unusual. Amiodarone has been initiated in the outpa-
tient setting without an increase in mortality [10,11,13]. Bradyarrhythmias due to potent
effects on the sinus and AV (atrioventricular) nodes are the major cardiac risk, occurring
in 1% to 7 % of patients in randomized trials, and in up to a third of patients in some
case series [13,14].

In patients with compensated heart failure, amiodarone is well tolerated from a
hemodynamic standpoint when administered at a loading dose of 600 to 800 mg daily for
1 to 2 weeks [10–12,14,15]. In patients with advanced heart failure, administration of the
loading dose and, in particular, large oral doses (e.g., � 1200 mg daily) can exacerbate
heart failure [16].

Noncardiac toxicities are a major problem. In randomized trials 41% of patients
discontinue therapy by 2 years 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 [13]. However, it is often difficult to distinguish an amiodar-
one-induced side effect from symptoms of heart failure. Amiodarone induced pulmonary
toxicity occurs in approximately 1% of patients per year of therapy [17]. 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 [18]. 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
[18,19].

Thyroid abnormalities occur in up to 18% of patients [20]. 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. Discontinua-
tion of the drug and medical therapy for hyperthyroidism in consultation with an endocri-
nologist is often required. Routine thyroid stimulating hormone (TSH) assay every 6
months, 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 usually 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 to prevent further neurologic deterioration.

Amiodarone increases the energy required for defibrillation and can render an im-
plantable cardiac defibrillator (ICD) ineffective in some patients. It can also impair arrhyth-
mia detection by slowing the rate of ventricular tachycardia. These concerns warrant
careful testing of ICD function and defibrillation after amiodarone therapy is initiated in
patients with ICDs.

Dofetilide

Dofetilide is a Class III antiarrhythmic drug that is approved for therapy of atrial fibrilla-
tion. It blocks the repolarizing potassium current IKr, increasing action potential duration
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and the QT interval. Its major toxicity is proarrhythmia from torsades de pointes, which
occurs in more than 3% of patients [21]. It is primarily renally excreted with a plasma
half-life of 9.5 hours. It requires initiation in-hospital with continuous electrocardiographic
monitoring for a minimum of 72 hours to detect the development of QT prolongation
and torsades 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 months, there was no difference in
mortality between dofetilide-treated and placebo groups [21]. Dofetilide-treated patients
were less likely to be rehospitalized for exacerbation of heart failure (30% compared with
38%), possibly due to a reduction in atrial fibrillation.

Sotalol

Sotalol is a mixture of two stereoisomers. The d isomer has Class III effects similar to
dofetilide, from block 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 [22]. Sotalol causes torsades 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 [23].

Azimilide

Azimilide is a new type III antiarrhythmic drug which blocks potassium channels IKs

and IKr. In the Azimilide Post-infarct Survival Evaluation (ALIVE) trial, presented in
preliminary form, 3717 patients, 15 to 21 days after myocardial infarction, with ejection
fractions less than 35% were randomized to placebo or azimilide [24,25]. There was no
difference in all-cause mortality at 1 year, and fewer patients in the drug group developed
atrial fibrillation. The incidence of torsades de pointes was very low: 0.3% in the drug
group vs. 0.1% of the placebo group. There was, however, a 1% incidence of neutropenia,
within 48 days of initiation of azimilide; all patients had spontaneous recovery of cell
lines after stopping the drug.

SUPRAVENTRICULAR TACHYCARDIAS

Atrial fibrillation and atrial flutter are the most common supraventricular arrhythmias
encountered. Rarely, an incessant supraventricular tachycardia (SVT) from ectopic atrial
tachycardia or atrioventricular reentry from an accessory pathway causes a tachycardia-
induced cardiomyopathy [26]. Such SVTs typically have a rate greater than 120 beats per
minute and despite depressed systolic function, marked ventricular dilation is often absent.
Control of the arrhythmia can be followed by return of ventricular function to normal
over weeks to several months. A persistently rapid response to atrial fibrillation can also
cause a clinical picture of tachycardia-induced cardiomyopathy.
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Atrial Fibrillation

The prevalence of atrial fibrillation increases with the severity of heart failure. Atrial
fibrillation is found in 6% of patients with mild heart failure and more than 40% of patients
with advanced heart failure (Fig. 1) [8,21,27–31]. The potential adverse effects of atrial
fibrillation include loss of A-V synchrony, rapid or slow ventricular rate responses that
are no longer under optimal physiological control, variable time for cardiac filling due to
oscillations of R-R intervals and risk of thromboembolism [4,8,32–34]. In some, but not
all, studies atrial fibrillation has been associated with increased mortality and more frequent
hospitalizations [8,27,28,31,35].

Patients with atrial fibrillation and heart failure are at increased risk of stroke; anti-
coagulation with warfarin is warranted [36–38]. Adequate control of heart rate is important.
Whether attempting to restore and maintain sinus rhythm (rhythm control) is better than
simply controlling the ventricular rate and maintaining anticoagulation is not known [4,39],
but has been investigated in the Atrial Fibrillation Follow-up Investigation of Rhythm
Management (AFFIRM) trial. Although most of the patients in AFFIRM had normal
ejection fractions, 26% had low ejection fractions, and 939 (23%) had a history of conges-
tive heart failure. Overall, there was a trend toward increased mortality for the strategy
of administering antiarrhythmic drugs to attempt to maintain sinus rhythm (rhythm control
group). However, the prespecified subgroup analysis of the patients with a history of heart
failure shows a neutral effect on mortality, with an absolute odds ratio for mortality slightly
in favor of the rhythm control strategy [40].

In the congestive heart failure survival trial of antiarrhythmic therapy (CHF-STAT)
trial, patients who converted from atrial fibrillation to sinus rhythm during therapy with
amiodarone had better survival compared with those who did not convert [21,29]. Simi-
larly, patients treated with dofetilide who achieved sinus rhythm had fewer hospitalizations
for heart failure exacerbations [21]. It remains unclear whether atrial fibrillation has ad-
verse effects that increase mortality, or is simply a marker of more severe heart failure.

For heart failure patients with a first episode of atrial fibrillation and those with
symptomatic paroxysms of atrial fibrillation, antiarrhythmic drug therapy to attempt to
maintain sinus rhythm is reasonable. Amiodarone, dofetilide, and sotalol are the major
antiarrhythmic drug options. Amiodarone is most likely to be effective [14,41]. In a ran-

Figure 1 The incidence of atrial fibrillation in recent heart failure and arrhythmia trials is
shown. (From Ref. 151.)
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domized trial of patients with atrial fibrillation without heart failure, maintenance of sinus
rhythm for 1 year was achieved in 69% of patients treated with amiodarone compared
with 39% of those treated with sotalol or the Class I antiarrhythmic drug propafenone
[23]. In the DIAMOND trial, 12% of patients who had atrial fibrillation on entry to the
study converted to sinus rhythm by 1 month when treated with dofetilide; only 1% of
atrial fibrillation patients in the placebo group converted to sinus rhythm. Dofetilide also
reduced the risk of recurrent atrial fibrillation once sinus rhythm had been restored (hazard
ratio 0.35) [21]. Amiodarone and dofetilide have not been directly compared.

When sinus rhythm cannot be maintained, adequate rate control during atrial fibrilla-
tion is of paramount importance [12,26,32,38,42,43]. A poorly controlled ventricular rate
can exacerbate heart failure and contribute to further deterioration in ventricular function.
A resting heart rate below 80 to 90 beats/min and remaining below 100 beats/min with
comfortable ambulation is a reasonable goal. Beta-adrenergic blockers and digoxin are
the first line options for rate control [38]. Digoxin is less effective when sympathetic tone
is elevated, but useful because it lacks adverse hemodynamic effects. The calcium channel
blockers diltiazem and verapamil slow heart rate but should be avoided in patients with
advanced heart failure due to their negative inotropic effects and potential for increasing
mortality in patients with heart failure due to coronary artery disease [44]. Amiodarone
is an effective drug for rate control but other agents are preferable due to its toxicities.

When adequate rate control cannot be achieved with pharmacologic means, catheter
ablation of the AV junction with implantation of a permanent pacemaker should be consid-
ered. AV junction ablation achieves rate control and regularizes the heart rhythm. The
atria continue to fibrillate, necessitating anticoagulation. Although the atrial contribution
to ventricular filling is not restored, exertional symptoms and palpitations improve and
recurrent hospitalizations may be reduced [43,45–51]. Although symptoms improve, ob-
jective demonstration of improvement in exercise time or oxygen uptake are not usually
observed [32,46]. In some patients left ventricular ejection fraction improves, which may
be a consequence of the decrease in rate, or better ability to measure ejection fraction
once the heart rate is regularized [52].

Two problems are of concern with this procedure. Occasional patients experience
deterioration in heart failure after this procedure [53,54]. A change in ventricular activation
sequence produced by right ventricular pacing might be responsible, as discussed in Chap-
ter 18. Patients at greatest risk for hemodynamic deterioration have severely depressed
ventricular function and functional mitral regurgitation. Whether biventricular pacing (left
ventricular and right ventricular pacing, discussed in Chapter 18) would reduce this risk
is not known. Secondly, sudden death due to torsades de pointes has occurred after ablation,
potentially the result of the sudden reduction in heart rate. Pacing at 90 beats per minute
for the initial 1 to 3 months after ablation appears to reduce this risk [55].

If a heart failure patient with atrial fibrillation is being considered for cardiac surgery
to correct a valvular lesion or to revascularize, left atrial appendage removal or ligation
has been suggested, in the hope of reducing the risk thrombus formation and embolism.
This is the subject of the Left Atrial Appendage Occlusion Study (LAAOS), a randomized
trial currently in the recruitment phase [56]. In addition, the possibility of a surgical MAZE
operation can be considered to reduce the burden of arrhythmia. More recently, catheter
ablation for pulmonary vein isolation has been useful in selected patients with atrial fibrilla-
tion [57], but is likely to have limited efficacy in patients with heart failure and associated
atrial dilation.

Atrial Flutter

As for atrial fibrillation, rate control and anticoagulation are important [38,58–60]. Al-
though some studies suggest less risk of left atrial thrombus formation in patients with
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Figure 2 (A) Shown is a posterior (diaphragmatic) view of heart with arterial and venous
anatomy and its relationship to right atrial inferior isthmus (highlighted with rectangle). RCA
indicates right coronary artery; CS, coronary sinus.

atrial flutter than that observed in patients with atrial fibrillation, others suggest a similar
risk in these two groups [58–62]. Chronic anticoagulation with warfarin is prudent. Recur-
rent atrial flutter responds poorly to pharmacologic therapy and rate control is often more
difficult to achieve than for atrial fibrillation [63]. Antiarrhythmic drugs that slow the rate
of atrial flutter without blocking AV nodal conduction, such as Class I antiarrhythmic
drugs, can lead to life-threatening 1:1 AV conduction.

The most common form of atrial flutter is due to circulation of a single reentry wave
front around the tricuspid annulus. Radiofrequency catheter ablation is an excellent option
for patients with this type of atrial flutter and is more effective than antiarrhythmic drug
therapy [64,65]. Ablation of the isthmus between the tricuspid valve annulus and inferior
vena cava abolishes atrial flutter in more than 95% of patients (Fig. 2) [66]. Procedural
risk is minimal. Less commonly an apparent atrial flutter is due to reentry involving an
area of scar in the right or left atrium. Ablation of these types of flutter is more difficult,
with somewhat lower efficacy. Ablation of flutter in the left atrium is associated with a
risk of arterial embolism from left atrial catheter manipulation.

Despite effective ablation of atrial flutter, atrial fibrillation recurs in 20% to 30%
of patients within the following 2 years. Emergence of atrial fibrillation likely increases

Figure 2 (B) Shown is termination of atrial flutter to normal sinus rhythm with completion
of a line of radiofrequency lesions from the tricuspid annulus to the inferior vena cava. The
upper two tracings are surface ECG leads II and III, followed by the intracardiac ablation
catheter showing artifact from ongoing ablation. The lower two tracings are intracardiac
atrial electrograms initially showing rapid regular activity that suddenly stops when the flutter
terminates.
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Figure 2 (C) Top view is a longitudinal section of posterior aspect of right AV groove with
atrium, ventricle, tricuspid valve, and right coronary artery in AV groove fat pad. Dark lesions
are areas of coagulation necrosis corresponding to sites at which RF current was applied.
Maximal depth of lesion is 2 mm. Distance from endocardial surface at ablation site to edge
of coronary artery is 4 mm. Bottom view is a low-power microscopic section (hematoxylin
and eosin, magnification �33) of RF ablation site at right AV groove. There is a clear-
cut coagulation necrosis of myocardium with surrounding loose granulation tissue and fat
necrosis. (Parts A and C of this figure from Ref. 66.)

with poor left ventricular function. Those with atrial flutter and prior atrial fibrillation
appear to have a recurrence rate of atrial fibrillation in excess of 70% over 20 months
[65]. When atrial flutter develops during chronic drug therapy for atrial fibrillation, ablation
of flutter may allow maintenance of sinus rhythm, but continued drug therapy for preven-
tion of atrial fibrillation is still likely to be required [67].

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 a major etiology, and implantable defibrillators (ICDs)
are warranted for many high-risk patients. Other mechanisms of sudden death also occur
[68–71]. Bradyarrhythmias caused 41% of in-hospital unexpected cardiac arrests in one
series [71]. Conduction disease associated with heart failure, myocardial ischemia, antiar-
rhythmic and beta-adrenergic blocking drugs, and hyperkalemia are important potential
etiologies. Bradyarrhythmias and pulseless electrical rhythm may be a more common
presentation of cardiac arrest in nonischemic cardiomyopathies (NICM) as compared with
ischemic cardiomyopathies (ICM). Similarly, compared with stable outpatients, patients
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Figure 3 Shown is mode of death grouped by heart failure class. Categories are sudden
cardiac death (SCD), death due to congestive heart failure (CHF), and other causes, over
the 21-month follow-up period in the Metoprolol Randomized Intervention Trial in Congestive
Heart Failure (MERIT-HF) trial. (From Ref. 74.)

hospitalized with advanced heart failure may have a higher incidence of electromechanical
dissociation as a cause of sudden death [68,72]. Unexpected and unrecognized acute myo-
cardial infarction, pulmonary embolism, stroke, and ruptured aortic aneurysms also cause
some of these deaths.

In chronic dilated heart failure, the incidence of sudden death increases with the
severity of heart failure [30,73–81]. In patients with minimal-to-modest symptoms of heart
failure, the annual risk of sudden death ranges from 2% to 6% per year. Those with more
advanced symptoms, New York Heart Association functional class III to IV, have risk of
5% to 12% per year. As the severity of heart failure increases, deaths due to pump failure
increase to a greater extent than sudden deaths (Fig. 3) [74]. Thus, the proportion of
sudden deaths decreases from 50% to 80% in mild-to-moderate heart failure, to only 5%
to 30% for severe heart failure. The risk of sudden death is approximately similar for a
given severity of ventricular dysfunction regardless of whether heart failure is due to ICM
as compared with NICM [69,82,83].

ICDs provide effective therapy for most episodes of ventricular tachycardia or fibril-
lation and are warranted for many high risk patients. The superiority of ICDs to therapy
with amiodarone has been convincingly demonstrated for patients who have been resusci-
tated from a cardiac arrest [9,15,84–86]. In the Antiarrhythmics Versus Implantable Defi-
brillator (AVID) trial total mortality at 3 years was reduced from 36% to 25%; an 11%
absolute reduction in mortality and a 31% relative reduction in mortality compared with
antiarrhythmic drug therapy (amiodarone in more than 95% of patients). Two smaller
trials also show similar trends [9,84,85]. The arrhythmia history, etiology of heart failure,
severity of ventricular dysfunction, and, in advanced heart failure, the candidacy for cardiac
transplantation or destination left ventricular assist device therapy are important considera-
tions in selecting patients for ICDs. Whether the patient may benefit from LV pacing for
cardiac resynchronization is also an important consideration (Chapter 18).

Monomorphic Ventricular Tachycardia

Patients with ICM typically have large areas of infarction (Fig. 4a). Surviving myocyte
bundles present within the infarction create channels for conduction set up reentry circuits
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Figure 5 Shown is an episode of spontaneously terminating monomorphic ventricular
tachycardia in a patient with ischemic cardiomyopathy.

[87,88]. The ventricular tachycardia (VT) that results is typically monomorphic, with each
QRS complex resembling the preceding and following QRS complex (Fig. 5). Because
the arrhythmia substrate is relatively fixed and stable, VT is usually inducible with pro-
grammed stimulation, allowing electrophysiological testing to be used to detect these
reentry circuits, thereby identifying patients at risk of spontaneous episodes. Although, in
general, absence of inducible VT at electrophysiological testing indicates a reasonably
low risk of sudden arrhythmic death after myocardial infarction, in patients with poor
ventricular function, absence of inducible VT does not necessarily convey a low sudden
death risk [89,90].

In patients with idiopathic NICM, large areas of scar or infarction are usually absent
(Fig. 4b) and programmed stimulation rarely induces sustained monomorphic VT if it has
not occurred spontaneously [91,92]. A negative electrophysiology study has little prognos-
tic value [93–97]. 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 [98]. 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 in the absence of coronary artery disease
should prompt consideration of sarcoidosis, Chagas’ disease, and arrhythmogenic right
ventricular dysplasia [99–106].

Approximately 20% to 40% of NICM patients with monomorphic VT have reentry
through the bundle branches causing their VT [98,107]. This tachycardia is also inducible
by programmed stimulation, and is amenable to cure by catheter ablation of the right
bundle branch.

Chronic Therapy for Sustained Monomorphic VT

Following restoration of sinus rhythm, potential precipitating and aggravating factors
should be sought and corrected. However, it should be recognized that sustained monomor-

�

Figure 4 A and B. Left ventricular electroanatomic maps from two patients with VT due
to ischemic (A) and nonischemic (B) cardiomyopathy are shown. Maps were created during
LV mapping by moving a catheter from point to point on the ventricle. Points on the map
are color coded for electrogram amplitude in millivolts (mV). Dark areas represent normal
myocardium. Low voltage pale (yellow, green and red regions pale (�1.5 mV) are abnormal
scars or infarcts and areas of gray represent unexcitable scar. Notably the ischemic cardio-
myopathy has a large area of low voltage anteroapical scar, whereas the nonischemic
cardiomyopathy has patchy low voltage disease.
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phic VT is associated with an underlying structural abnormality in the vast majority of
cases, and that the risk of recurrence during long-term follow-up likely exceeds 20%
regardless of antiarrhythmic drug therapy, or correction of myocardial ischemia, or other
potential aggravating factors. When monomorphic VT occurs with elevated serum cardiac
enzymes indicating infarction, the risk of recurrent VT remains high despite treatment for
ischemia [108]. The major role of electrophysiological testing is to confirm the diagnosis
when supraventricular tachycardia with aberrancy is a consideration, and guiding ablation
therapy, if needed.

If ventricular tachycardia is incessant, it should be suppressed with antiarrhythmic
drug therapy or catheter ablation [109]. The possibility of idiopathic VT causing tachycar-
dia-induced cardiomyopathy should be considered. Implantation of an ICD is recom-
mended for the majority of patients with sustained VT as previously discussed. The device
can often terminate the arrhythmia by painless, antitachycardia pacing. If VT recurs causing
symptomatic ICD therapies, antiarrhythmic drugs, or catheter ablation can be considered
at that time.

Sustained Polymorphic Ventricular Tachycardia

Polymorphic VT has a continually changing QRS complex. It is often caused by potentially
reversible conditions. Acute myocardial ischemia or infarction is a common etiology and
warrants evaluation. Torsades de pointes associated with QT interval prolongation is the
other major form of polymorphic VT. Less commonly, polymorphic VT is associated with
cardiomyopathy or prior infarction without clear precipitating triggers.

Torsades de Pointes

Polymorphic ventricular tachycardia associated with QT interval prolongation is referred
to as torsades de pointes [110]. Any cause of QT interval prolongation can cause torsades de
pointes [111–114]. 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 Georgetown University. Electrophysiological changes that accompany ventricular hy-
pertrophy in chronic heart failure may increase susceptibility to torsades de pointes.

Torsades de pointes is often ‘‘bradycardia-dependent’’ or ‘‘pause dependent,’’ with
a characteristic initiating sequence (Fig. 6). 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. The first beat of the tachycardia interrupts the T-wave of that beat.
Interventions that increase heart rate and shorten refractoriness are protective. Emergent

Figure 6 Shown is an episode of torsades de pointes initiated by a long-short RR interval.
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treatment is intravenous administration of 1 to 2 gm 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 torsades de pointes should avoid all drugs that prolong the
QT interval. Although amiodarone prolongs the QT interval, it rarely causes torsades de
pointes, possibly because it also blocks ionic currents that also cause the arrhythmia.
Patients with heart failure are particularly susceptible to torsades de pointes and therapy
with amiodarone is not protective [115,116]. Treatment with an ICD is reasonable. ICDs
also provide pacing to prevent bradycardia and suppress pauses following premature beats
that may help prevent polymorphic VT [117].

Syncope

There are a variety of causes of syncope and determining the etiology is often challenging.
Among 491 consecutive patients with advanced heart failure, Middlekauff and co-workers
found that 12% had a history of syncope [118]. In 45% of patients, syncope was attributed
to a cardiac arrhythmia. Orthostatic hypotension or a noncardiac 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 electrophysiological study does not
indicate a low risk. Knight and co-workers implanted ICDs in 14 patients with nonischemic
cardiomyopathy, unexplained syncope, and a negative electrophysiology study. During an
average follow-up of 2 years, half of the patients received therapy from the ICD for
ventricular tachycardia or ventricular fibrillation [119]. Of 639 consecutive patients with
nonischemic cardiomyopathy referred for heart transplantation reported by Fonarow and
co-workers, 147 (23%) had a history of syncope [120]. 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 months. 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
years was 84.9% with an ICD therapy and 66.9% with conventional therapy.

Based on the these data, implantation of an ICD is a reasonable consideration for
most patients with heart failure and unexplained syncope [119–121].

PRIMARY PREVENTION OF SUDDEN DEATH IN HEART FAILURE

Identifying patients at risk for a cardiac arrest prior to its occurrence (primary prevention)
is the focus of much research. For a marker of risk to be useful clinically requires demon-
stration that: (a) the marker identifies a high-risk group, and (b) specific therapy directed at
the high-risk group improves survival. Several noninvasive markers of potential electrical
instability, such as ambient ventricular ectopy including nonsustained VT, signal-averaged
ECG, heart rate variability, QT dispersion and T wave alternans, have a physiological
basis for predicting arrhythmia risk. However, in most cases, the prevalence of abnormal
markers increases in parallel to the severity of heart failure and, disappointingly, has not
been found to be specific for arrhythmia risk [122].
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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-hour ambulatory recordings [82,123,124]. These are typically
short; only 30% of patients have runs more than 5 beats in duration [82]. Fast, long runs
of nonsustained VT and polymorphic VT should prompt a careful search for possible
myocardial ischemia and possible causes of torsades 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 ventricu-
lar dysfunction, rather than a specific arrhythmia risk [82,123,124]. Furthermore, suppres-
sion of nonsustained VT, such as by amiodarone, does not necessarily improve survival.
Occasionally ventricular ectopic activity is due to an aggravating factor that requires
treatment, or is a marker for hemodynamic deterioration. Hyperkalemia 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
[125–128]. Asymptomatic arrhythmias should, in general, not receive specific antiarrhyth-
mic therapy unless there is concern that very frequent arrhythmias are having a negative
impact on ventricular function.

Coronary Artery Disease with Depressed Left Ventricular Function

The multicenter automatic defibrillator implantation trial investigators (MADIT) II trial
demonstrated that ICDs improve survival (from 80.2% to 85.8% at 2 years) in patients
with coronary artery disease and a left ventricular ejection fraction less than 0.30 who
had not had an infarct or revascularization procedure within 30 days (Table 1). It is
important to recognize that although the average LVEF was 23% in the 1232 randomized
patients, patients with class IV symptoms in the preceding 3 months were excluded, and
approximately 70% of patients were in functional class I or II. The 9% 1-year mortality
in the control group is consistent with mild-to-moderate heart failure, limiting the applica-
bility of this trial to patients with more advanced disease [129].

Coronary Artery Disease with Depressed LV Function and
Nonsustained VT

The multicenter unsustained tachycardia trial (MUSTT) provided strong evidence that
ICDs improve survival in a select group of patients with prior myocardial infarction, left
ventricular ejection fraction less than 0.4 and nonsustained VT [89,130] who also have
inducible VT at electrophysiology testing (Table 1). Of 2202 patients who qualified for
electrophysiological study, 35% had inducible VT; 704 of these patients were randomized
either to a control group who did not receive antiarrhythmic therapy or to a treatment
group who received antiarrhythmic drug therapy guided by electrophysiological testing,
or an ICD. The 5-year rate of sudden death or resuscitation from cardiac arrest was 32%
for the patients who did not receive antiarrhythmic therapy compared with 25% for those
assigned to antiarrhythmic therapy (relative risk, 0.73; 95 percent confidence interval, 0.53
to 0.99). 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 with 37% for patients treated with antiarrhythmic drugs.
Although symptomatic heart failure was not required for trial entry, the mean left ventricu-
lar ejection fraction was 0.30, class II or III symptoms were present in 63% of patients,
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and 72 % to 75% were treated with ACE inhibitors. That ICDs improve survival in this
group is also consistent with a smaller primary prevention trial (MADIT I) of 196 patients
with prior infarction, left ventricular ejection fraction less than 35% and inducible VT
at electrophysiological study that was not suppressed by administration of intravenous
procainamide (Table 1) [90].

Whether recent surgical revascularization should influence selection of patients for
an ICD is not clear. The Coronary Artery Bypass Graft (CABG) Patch Trial enrolled
patients undergoing coronary artery bypass surgery who had a left ventricular ejection
fraction less than 36% and an abnormal signal-averaged electrocardiogram (Table 1) [131].
Patients were randomized to receive an ICD (an epicardial lead system) at the time or
surgery or to no ICD. During follow-up there was no difference in mortality even though
ICD shocks were frequent. One possible explanation is that coronary artery revasculariza-
tion reduces sudden death risk[89].

Based on the available evidence, an ICD should be considered for patients with
heart failure due to coronary artery disease and LV ejection fraction less than 0.3, or less
than 0.4 with inducible VT, provided that the severity of heart failure and other comorbidi-
ties do not preclude an ICD.

Nonischemic Dilated Cardiomyopathy

For patients with NICM who have not had a sustained ventricular arrhythmia or syncope,
electrophysiological testing for risk stratification is not useful [91–97]. Furthermore, an
ICD has yet to be shown to be beneficial. The Cardiac Arrhythmia Trial (CAT) enrolled
104 patients with angiographically documented dilated cardiomyopathy diagnosed within
9 months, left ventricular ejection fraction 30% or less, and New York Heart Association
class II or III heart failure. Patients were randomized to amiodarone or ICD. The overall
mortality in this trial was much lower than expected, and there was no significant difference
between the two populations, even after 7 years of follow-up.

A meta-analysis suggests that amiodarone may improve mortality in patients with
heart failure and those with NICM may be more likely to benefit [10,124,132], [11]. The
amiodarone vs. ICD randomized trial (AMIOVIRT) enrolled 103 patients with nonis-
chemic dilated cardiomyopathy, nonsustained VT, and left ventricular ejection fraction
less than 0.35 to therapy with amiodarone or an ICD [133]. There was no difference in
survival between the two groups.

In the older Gruppo de Estudo de la Sobreveda en la Insufficiencia Cardiaca en
Argentina (GESICA) trial, which randomized 516 patients to amiodarone vs. placebo, the
majority of whom did not have known coronary artery disease, the benefit of amiodarone
was confined to those patients who had a relatively rapid resting heart rate (� 90 beats/
min) after optimization of heart failure therapies, suggesting that slowing of heart rate
may have conferred benefit [10,12]. Since these trials were conducted, beta-blocker use
has become a routine therapy. Whether the addition of amiodarone to beta-blockers is
beneficial, as appears to be the case in patients with prior myocardial infarction, is not
known [134].

Other trials will hopefully clarify arrhythmia management in this group. The Sudden
Cardiac Death in Heart Failure trial (SCD HeFT) has randomized approximately 2500
patients with NYHA class II and III heart failure and ejection fraction less than 35% to
placebo, ICD, and amiodarone arms and is in the follow-up phase. The Defibrillators in
Nonischemic Cardiomyopathy Treatment Evaluation (DEFINITE) trial is randomizing
patients with ejection fraction less than 35%, nonsustained VT or frequent ventricular
ectopy to ICD or standard medical therapy.
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For the present, we consider chronic therapy with amiodarone for patients with
symptomatic palpitations from nonsustained VT and for patients with nonischemic cardio-
myopathy who have relatively rapid resting heart rates, particularly if they are not able
to tolerate beta-adrenergic blocking agents. Administration of amiodarone is also consid-
ered for patients who have a very high density of ventricular ectopy, such as incessant
ventricular bigeminy, based on the unproven assumption that suppression of ectopic activ-
ity may improve hemodynamic performance in some of these patients [135].

Heart Failure Severity and ICDs

The severity of heart failure is an important consideration in assessing whether an ICD
is warranted (Table 2) [136]. Successful termination of VT or ventricular fibrillation mean-
ingfully extends survival when the patient has well compensated heart failure and returns
to the prearrhythmia functional state. As previously noted, trials showing benefit of ICDs
have generally selected patients with relatively preserved functional capacity and the con-
trol group mortality in these trials is consistent with that of a mild-to-moderate heart failure

Table 2 Use of Implantable Defibrillators in Patients with Heart Failurea

Class I
• Cardiac arrest due to ventricular fibrillation (VF) or ventricular tachycardia (VT) not due to transient

or reversible cause
• Spontaneous sustained VT in association with structural heart disease
• Syncope of undetermined origin with clinically relevant sustained VT or VF induced at

electrophysiological study
• Nonsustained VT with coronary artery disease, prior myocardial infarction and inducible,

nonsupressible VT
Class IIa
• Left ventricular ejection fraction less than or equal to 30%, at least 1 month following myocardial

infarction and 3 months after surgical revascularizationb

Class IIb
• Cardiac arrest presumed to be due to VF when electrophysiologic testing is precluded by other

medical conditions
• Severe symptoms, such as syncope, in patients awaiting cardiac transplantation
• Nonsustained VT with sustained VT at electrophysiologic study in patients with ischemic heart

disease
• Recurrent syncope of undetermined etiology in the presence of ventricular dysfunction
Class III-Contraindicated
• Incessant VT or VF (ICD may be indicated after arrhythmia control)
• VT or VF due to a transient or reversible condition
• Projected life expectancy less than 6 months
• Significant psychiatric illness that may be aggravated by device implantation or that may preclude

device follow up
• NYHA class IV heart failure in patients who are not candidates for cardiac transplantation

Note: Class I recommendations are those for which there is general agreement that the treatment is effective. Class
II recommendations represent areas of some debate, with class IIa recommendations areas of greater consensus in
favor of treatment, and class IIb areas where treatment is less favorably regarded. Class III conditions are felt to
be contraindications to use of the treatment.
a based on current guidelines from Ref. 136
b Present Centers for Medicare and Medicaid Services (CMS) guidelines specify QRS duration greater than 120
milliseconds.
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severity. Extension of survival is limited when deteriorating heart failure or associated
complications leads to death from pump failure soon after an episode of VT. Patients with
severely decompensated heart failure are less likely to benefit from an ICD and are at
increased risk for harm from the implantation and testing procedure.

The risk benefit balance of ICDs is difficult to assess for patients with advanced
heart failure. In a post hoc analysis of subgroups in the AVID trial there was a survival
benefit demonstrable for patients with ejection fractions between 0.20 and 0.34, but patients
with worse left ventricular function (ejection fraction � 0.20) did not have a statistically
significant improvement in survival. In a post hoc analysis of the Canadian Implantable
Defibrillator Study (CIDS), the study population was divided into quartiles of risk based
on age, ejection fraction, and functional class. ICD therapy was associated with a 50%
reduction in death in the highest risk quartile, but conferred no benefit in the three lower
risk quartiles [85]. In the MADIT I study, benefit appeared to be largely confined to
patients with ejection fractions less than the median value of 26% [137].

Thus, the benefit of ICD therapy as reflected by an extension of survival appears
to follow a bell-shaped curve. Patients with mild heart failure generally have a lower risk
of arrhythmia events and as a population receive less benefit during initial follow-up. With
increasing severity of heart failure the incidence of arrhythmic events (VT and ventricular
fibrillation) increase such that the benefit of the ICD increases, until, mortality from pump
failure increases to the extent that effective arrhythmia termination minimally extends
survival [138]. In some cases, heart failure symptoms become intolerable and patients
seek to have the tachyarrhythmia therapies of the device turned off to avoid painful shocks
as death approaches. Extrapolating data from trials to an individual patient is often difficult.

In general, patients with compensated heart failure are candidates for ICD implanta-
tion when they have an indication for an ICD. Some patients with decompensated heart
failure should not receive an ICD, even though the risk of ventricular arrhythmias is high.
For some of these patients, amiodarone may be a better option. However, some patients
with transient class IV symptoms survive for years after resuscitation from a cardiac
arrhythmia [139].

The possibility for cardiac transplantation and left ventricular assist devices as home
destination therapy also impacts on the potential benefit of an ICD. Most patients who
are accepted onto elective transplantation waiting lists are sufficiently compensated to
wait at home for a donor heart to become available. Sudden death is a significant risk for
these patients. Of 434 patients accepted onto the elective transplantation list between 1984
and 1997 at one center, 25% received a donor heart, 26% of patients died, and 72% of
these deaths were sudden [77]. Even for patients who have very poor functional capacity,
a dramatic extension of survival occurs when successful defibrillation allows a patient to
receive a transplant. Protection from sudden arrhythmic death with an ICD allows some
patients with advanced heart failure to await cardiac transplantation at home, avoiding or
delaying in-patient waiting until hemodynamic deterioration necessitates inotropic support.
Implantation of an ICD is reasonable in these patients even though progressive hemody-
namic deterioration is anticipated [77,140,141].

Bradycardia Pacing with ICDs

All ICDs incorporate pacing for bradycardia. Dual chamber (atrioventricular) pacing, activ-
ity responsiveness, and mode switching for atrial arrhythmias are available. Approximately
50% of patients who require ICD therapy have indications for or subsequently evolve the
need for permanent pacing for bradyarrhythmia. Use of the ICD for bradycardia pacing
is preferable to placement of a separate pacemaker, thereby avoiding adverse interactions
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between the devices and minimizing the number of leads implanted. If sinus rhythm rather
than atrial fibrillation is present, maintenance of AV synchrony is generally preferred.
This is achieved with a dual chamber defibrillator that requires placement of an atrial lead
as well as the ventricular lead [142].

Although dual chamber (right atrial and right ventricular) pacing is generally pre-
ferred to ventricular pacing alone for patients with bradycardia, the consequences of AV
pacing warrant careful consideration due to the potential for adverse hemodynamic effects
of right ventricular apical pacing (RVAP). As discussed in Chapter 18, RVAP produces
QRS prolongation similar to left bundle branch block, and is associated with worse ventric-
ular performance than ventricular activation over the normal His-Purkinje system which
produces a shorter QRS duration [143–145]. The Dual Chamber Pacing or Ventricular
Backup Pacing in patients with an Implantable Defibrillator (DAVID) trial randomized
506 ICD patients with ejection fractions less than 40% to dual chamber pacing at a base
rate of 70 beats per minute vs. ventricular backup pacing at a rate of 40 beats per minute
[146]. It was expected that dual chamber pacing would allow better medical management
of heart failure and lower incidence of atrial fibrillation. However, the trial was stopped
early in November 2002 for increased hospitalizations for heart failure in the group receiv-
ing dual chamber pacing. The adverse effect was attributed to a 60% rate of RVAP in the
dual chamber pacing group vs. a 1% rate of RVAP in patients with ventricular backup
pacing. It is, therefore, desirable to avoid RVAP when there is normal ventricular activation
(i.e., narrow QRS duration). In some patients, back-up ventricular pacing below the intrin-
sic heart rate, which results in supraventricular conduction and rare ventricular pacing,
might be preferable to chronic RVAP in the dual chamber mode. The implementation of
left ventricular pacing leads (discussed in Chapter 18) may obviate this concern, but further
investigation is required.

ICD Implantation Considerations

The ICD implantation procedure usually includes initiation of ventricular fibrillation and
testing of defibrillation from the ICD to make certain that the lead configuration and
energy available will effectively defibrillate. Induced ventricular fibrillation is associated
with mild, transient ventricular dysfunction, which is well tolerated in the majority of
patients. [147] In patients with advanced heart failure defibrillation threshold testing occa-
sionally precipitates a hemodynamic deterioration [141]. In one series three of 59 patients
(5%) who were being evaluated for cardiac transplantation developed electromechanical
dissociation after successful defibrillation. In decompensated patients ICD implantation
should be deferred until medical therapy has been optimized and heart failure improved.
In general, the mortality from defibrillation implantation is less than 1%, but this has not
been specifically assessed in heart failure populations.

Continuing Care

Patients with ICDs should be followed in a specialized clinic. Routine device interrogations
assessing sensing and pacing function, remaining battery life, and arrhythmias detected
by the ICD is generally performed every 3 to 4 months.

Up to 40% of patients receive inappropriate therapies from the ICD at some point
during follow-up. Heart rate is the major criterion for arrhythmia detection. A rate exceed-
ing the programmed detection threshold will trigger therapy with either antitachycardia
pacing (ATP) or high voltage shocks. Thus, sinus tachycardia or a rapid supraventricular
tachycardia can lead to painful shocks. Inappropriate therapy, as for rapid atrial fibrillation
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or flutter can often be recognized and managed with reprogramming of the ICD. Occasion-
ally inappropriate therapy is due to oversensing of diaphragmatic activity or T-waves.
Electrical noise indicating a lead fracture or loose connection of the lead in the pulse
generator header can also cause inappropriate shocks.

Following the first symptomatic therapy from the ICD after implantation, patient
assessment with interrogation of the device is usually warranted to confirm appropriate
function of the ICD (Fig. 7a) and assess the possibility that therapy was inappropriate,
triggered by a supraventricular arrhythmia. If the patient receives more than one shock in
a short period of time or has symptoms of arrhythmia or a change in symptoms that persists
following an ICD shock, urgent evaluation is required. Failure of ICD therapy to terminate
the arrhythmia, persistence of a ventricular tachycardia at a rate that is slower than the
programmed detection criteria, or persistence of a supraventricular arrhythmia, such as
atrial fibrillation, are possible causes. Repeated episodes of ventricular tachycardia or
ventricular fibrillation are a marker for greater mortality, and are often associated with
hemodynamic deterioration and warrant urgent assessment [148–150]. Myocardial is-
chemia, electrolyte disturbances and intercurrent illness are important potential causes of
arrhythmia exacerbations that should be considered. Patients who have infrequent episodes
of ventricular tachycardia usually do not require immediate evaluation when symptoms
indicate that another episode of tachycardia has been terminated by the ICD, provided
that the episode is similar to previous episodes.

Occasionally it is necessary to temporarily disable an ICD to prevent incessant
shocks or antitachycardia pacing such as may be triggered by an ‘‘electrical storm’’ of
recurrent ventricular tachycardia or atrial fibrillation with a rapid ventricular response
(Fig. 7b) in a patient in the intensive care unit [150]. Application of a magnet over the

Figure 7 A and B. Shown are two examples of implantable defibrillator shock delivery. In
the upper (A) tracing, a ventricular electrogram (EGM) and is shown. Rapid ventricular
tachycardia is terminated by a shock from the device. In the lower (B) tracing, simultaneous
atrial and ventricular EGMs are shown. The atrial EGM shows very rapid irregular signals
consisted with atrial fibrillation, and the irregular response on the ventricular channel is also
consistent with atrial fibrillation. In this case, an inappropriate shock occurred due to atrial
fibrillation with rapid ventricular response.
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ICD pulse generator suspends arrhythmia detection as long as the magnet is in place,
allowing time for implementation of other therapy. While the magnet is in place the
patient must be closely monitored and external cardioversion used as appropriate to treat
arrhythmias.

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 ventricular
tachycardia (Table 3). In the presence of an ICD, the potential for fatal drug-induced
proarrhythmia is low. The ICD will terminate torsades de pointes and provide pacing for
bradyarrhythmias. Antiarrhythmic drugs can impede effective ICD termination of arrhyth-
mias and should be used cautiously.

Some antiarrhythmic drugs increase the energy required for defibrillation. At the
time of ICD implantation, defibrillation testing is performed by inducing ventricular fibril-
lation and observing that an ICD shock will terminate fibrillation. Most ICDs are capable
of providing a 28 to 35 Joule shock. A 10 Joule safety margin is recommended and
confirmed by demonstrating that ventricular fibrillation is terminated by a shock 10 Joules
below the maximum energy available from the ICD. Amiodarone therapy typically in-
creases 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–sotalol and dofetilide–may decrease the defibrillation threshold.
In general, repeat defibrillation testing is warranted when chronic therapy with an antiar-
rhythmic drug is administered, with the possible exceptions of beta-blockers, sotalol, and
dofetilide.

Table 3 Preferred Antiarrhythmic Drugs for Atrial Fibrillation in Heart Failure

Drug Typical dose Contraindication Side effects

1. Amiodarone

2. Dofetilide

3. Sotalol

• Load 600–800 mg/day
for 2 weeks,

• then 400 mg/day for
2 weeks,

• then continue at
200 mg/day

• 250–500 mg twice a
day

• Dose reduction for
renal insufficiency and
for increase in QTc by
15% or QT �500 ms
with initial dose

• 80–160 mg twice a day
• Dose reduction for

renal insufficiency and
for increase in QTc by
15% or QT �520 ms
with initial dose

• Resting bradycardia or
heart block without
backup pacing

• baseline significant
hepatic or pulmonary
disease

• QTc greater than
440 msec

• CrCl �20 mL/min

• QTc greater than 440
milliseconds

• Resting bradycardia or
heart block without
backup pacing

• CrCl �40 mL/min

Bradycardia, negative
ionotropy, pulmonary,
thyroid, hepatic,
neurologic toxicities

Proarrhythmia (Torsades
de pointes)

Bradycardia, negative
ionotropy
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Psychological Support

The presence of an ICD ‘‘safety-net’’ is greatly reassuring for most patients. Those who
have experienced repeated, painful ICD shocks, however, often live in fear of an arrhythmia
recurrence [150–158]. Some patients needlessly restrict activities and suffer significant
depression and anxiety. Patient support groups and counseling are often beneficial. Some
patients require therapy with anxiolytics and antidepressant medications.

Conclusion

ICDs provide effective and reliable treatment of sustained ventricular tachycardia and
fibrillation and can be expected to decrease the risk of arrhythmic death in patients with
heart failure. Whether this benefit translates to an overall improvement in survival depends
on the severity of pump dysfunction. Appropriate patient selection for ICDs is an important
aspect of arrhythmia management. Future devices will incorporate features that hope to
reduce atrial arrhythmias, improve ventricular function, and monitor hemodynamics, as
well as prevent sudden arrhythmic death.

REFERENCES

1. Exner DV, et al. Beta-adrenergic blocking agent use and mortality in patients with asymptom-
atic and symptomatic left ventricular systolic dysfunction: a post hoc analysis of the Studies
of Left Ventricular Dysfunction. J Am Coll Cardiol 1999; 33(4):916–923.

2. Kennedy HL, et al. Beta-blocker therapy in the Cardiac Arrhythmia Suppression Trial.
CAST Investigators. Am J Cardiol 1994; 74(7):674–680.

3. Exner DV, et al. Beta-blocker use and survival in patients with ventricular fibrillation or
symptomatic ventricular tachycardia: the Antiarrhythmics Versus Implantable Defibrillators
(AVID) trial. J Am Coll Cardiol 1999; 34(2):325–333.

4. Khand AU, et al. Systematic review of the management of atrial fibrillation in patients with
heart failure. Eur Heart J 2000; 21(8):614–632.

5. Ravid S, et al. Congestive heart failure induced by six of the newer antiarrhythmic drugs.
J Am Coll Cardiol 1989; 14(5):1326–1330.

6. Stevenson WG. Mechanisms and management of arrhythmias in heart failure. Curr Opin
Cardiol 1995; 10(3):274–281.

7. Flaker GC, et al. Antiarrhythmic drug therapy and cardiac mortality in atrial fibrillation.
The Stroke Prevention in Atrial Fibrillation Investigators. J Am Coll Cardiol 1992; 20(3):
527–532.

8. Stevenson WG, et al. Improving survival for patients with atrial fibrillation and advanced
heart failure. (erratum appears in J Am Coll Cardiol 1997 Dec; 30(7):1902.). J Am Coll
Cardiol 1996; 28(6):1458–1463.

9. Kuck KH, et al. Randomized comparison of antiarrhythmic drug therapy with implantable
defibrillators in patients resuscitated from cardiac arrest: the Cardiac Arrest Study Hamburg
(CASH). Circulation 2000; 102(7):748–754.

10. Nul DR, et al. Heart rate is a marker of amiodarone mortality reduction in severe heart
failure. The GESICA-GEMA Investigators. Grupo de Estudio de la Sobrevida en la Insu-
ficiencia Cardiaca en Argentina-Grupo de Estudios Multicentricos en Argentina. J Am Coll
Cardiol 1997; 29(6):1199–1205.

11. Singh SN, et al. Amiodarone in patients with congestive heart failure and asymptomatic
ventricular arrhythmia. Survival Trial of Antiarrhythmic Therapy in Congestive Heart Fail-
ure.(comment). N Engl J Med 1995; 333(2):77–82.

12. Massie BM, et al. Importance of assessing changes in ventricular response to atrial fibrillation
during evaluation of new heart failure therapies: experience from trials of flosequinan. Am
Heart J 1996; 132(1 Pt 1):130–136.



Management of Atrial and Ventricular Arrhythmias 417

13. anonymous. Effect of prophylactic amiodarone on mortality after acute myocardial infarction
and in congestive heart failure: meta-analysis of individual data from 6500 patients in ran-
domized trials. Amiodarone Trials Meta-Analysis Investigators. Lancet 1997; 350(9089):
1417–1424.

14. Weinfeld MS, et al. Early outcome of initiating amiodarone for atrial fibrillation in advanced
heart failure. J Heart Lung Transplantation 2000; 19(7):638–643.

15. anonymous. A comparison of antiarrhythmic-drug therapy with implantable defibrillators
in patients resuscitated from near-fatal ventricular arrhythmias. The Antiarrhythmics versus
Implantable Defibrillators (AVID) Investigators. N Engl J Med 1997; 337(22):1576–1583.

16. Gottlieb SS, et al. High dose oral amiodarone loading exerts important hemodynamic actions
in patients with congestive heart failure. J Am Coll Cardiol 1994; 23(3):560–564.

17. Dusman RE, et al. Clinical features of amiodarone-induced pulmonary toxicity. Circulation
1990; 82(1):51–59.

18. Singh SN, et al. Pulmonary effect of amiodarone in patients with heart failure. The Conges-
tive Heart Failure-Survival Trial of Antiarrhythmic Therapy (CHF-STAT) Investigators
(Veterans Affairs Cooperative Study No. 320). J Am Coll Cardiol 1997; 30(2):514–517.

19. Siniakowicz RM, et al. Diagnosis of amiodarone pulmonary toxicity with high-resolution
computerized tomographic scan. J Cardiovasc Electrophysiol 2001; 12(4):431–436.

20. Loh KC. Amiodarone-induced thyroid disorders: a clinical review.(comment). Postgraduate
Medical Journal 2000; 76(893):133–40.

21. Torp-Pedersen C, et al. Dofetilide in patients with congestive heart failure and left ventricular
dysfunction. Danish Investigations of Arrhythmia and Mortality on Dofetilide Study Group.
N Engl J Med 1999; 341(12):857–865.

22. Pratt CM, et al. Mortality in the Survival With ORal D-sotalol (SWORD) trial: why did
patients die? Am J Cardiol 1998; 81(7):869–876.

23. Roy D, et al. Amiodarone to prevent recurrence of atrial fibrillation. Canadian Trial of Atrial
Fibrillation Investigators. N Engl J Med 2000; 342(13):913–920.

24. Pratt CM, Singh SN, Al-Khalidi HR, Brum JM, Holroyde MJ, Marcello SR, Schwartz PJ,
Camm AJ ALIVE Investigators. The efficacy of azimilide in the treatment of atrial fibrilla-
tion in the presence of left ventricular systolic dysfunction: results from the Azimilide
Postinfarct Survival Evaluation (ALIVE) trial. Journal of the American College of Cardiol-
ogy. 43(7):1211–1216, 2004.

25. Camm AJ, Karam R, Pratt CM. The azimilide post-infarct survival evaluation (ALIVE)
trial. Am J Cardiol 1998; 81(6A):35D–39D.

26. Shinbane JS, et al. Tachycardia-induced cardiomyopathy: a review of animal models and
clinical studies. J Am Coll Cardiol 1997; 29(4):709–715.

27. Mahoney P, et al. Prognostic significance of atrial fibrillation in patients at a tertiary medical
center referred for heart transplantation because of severe heart failure. Am J Cardiol 1999;
83(11):1544–1547.

28. Dries DL, et al. Atrial fibrillation is associated with an increased risk for mortality and heart
failure progression in patients with asymptomatic and symptomatic left ventricular systolic
dysfunction: a retrospective analysis of the SOLVD trials. Studies of Left Ventricular Dys-
function. J Am Coll Cardiol 1998; 32(3):695–703.

29. Deedwania PC, et al. Spontaneous conversion and maintenance of sinus rhythm by amiodar-
one in patients with heart failure and atrial fibrillation: observations from the Veterans
Affairs congestive heart failure survival trial of antiarrhythmic therapy (CHF-STAT). The
Department of Veterans Affairs CHF-STAT Investigators. Circulation 1998; 98(23):
2574–2579.

30. anonymous. Effects of enalapril on mortality in severe congestive heart failure. Results of
the Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS). The CON-
SENSUS Trial Study Group. N Engl J Med 1987; 316(23):1429–1435.

31. Crijns HJ, et al. Prognostic value of the presence and development of atrial fibrillation in
patients with advanced chronic heart failure. Eur Heart J 2000; 21(15):1238–1245.

32. Kay GN, et al. The Ablate and Pace Trial: a prospective study of catheter ablation of
the AV conduction system and permanent pacemaker implantation for treatment of atrial
fibrillation. APT Investigators. J Intervent Cardiac Electrophysiol 1998; 2(2):121–135.



Tedrow and Stevenson418

33. Pardaens K, et al. Atrial fibrillation is associated with a lower exercise capacity in male
chronic heart failure patients. Heart 1997; 78(6):564–568.

34. Verma A, et al. Effects of rhythm regularization and rate control in improving left ventricular
function in atrial fibrillation patients undergoing atrioventricular nodal ablation. Can J Car-
diol 2001; 17(4):437–445.

35. Carson PE, et al. The influence of atrial fibrillation on prognosis in mild to moderate heart
failure. The V-HeFT Studies. The V-HeFT VA Cooperative Studies Group. Circulation
1993; 87(6 Suppl):VI102–VI110.

36. Dries DL, et al. Effect of antithrombotic therapy on risk of sudden coronary death in patients
with congestive heart failure. Am J Cardiol 1997; 79(7):909–913.

37. anonymous. Predictors of thromboembolism in atrial fibrillation: I. clinical features of pa-
tients at risk. The Stroke Prevention in Atrial Fibrillation Investigators. (comment). Ann of
Intern Med 1992; 116(1):1–5.

38. Fuster V, et al. ACC/AHA/ESC guidelines for the management of patients with atrial fibrilla-
tion: executive summary. A Report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines and the European Society of Cardiology
Committee for Practice Guidelines and Policy Conferences (Committee to Develop Guide-
lines for the Management of Patients With Atrial Fibrillation): developed in Collaboration
With the North American Society of Pacing and Electrophysiology. J Am Coll Cardiol
2001; 38(4):1231–1266.

39. Tuinenburg AE, et al. Lack of prevention of heart failure by serial electrical cardioversion
in patients with persistent atrial fibrillation. Heart (British Cardiac Society) 1999; 82(4):
486–493.

40. Wyse DG, et al. A comparison of rate control and rhythm control in patients with atrial
fibrillation. (comment). N Engl J Med 2002; 347(23):1825–1833.

41. Roy D, et al. Amiodarone to prevent recurrence of atrial fibrillation. Canadian Trial of Atrial
Fibrillation Investigators. N Engl J Med 2000; 342(13):913–920.

42. Grogan M, et al. Left ventricular dysfunction due to atrial fibrillation in patients initially
believed to have idiopathic dilated cardiomyopathy. Am J Cardiol 1992; 69(19):1570–1573.

43. Ueng KC, et al. Acute and long-term effects of atrioventricular junction ablation and VVIR
pacemaker in symptomatic patients with chronic lone atrial fibrillation and normal ventricu-
lar response. (comment). J Cardiovas Electrophysiol 2001; 12(3):303–309.

44. Heywood JT. Calcium channel blockers for heart rate control in atrial fibrillation complicated
by congestive heart failure. Can J Cardiol 1995; 11(9):823–826.

45. Brown CS, et al. Clinical improvement after atrioventricular nodal ablation for atrial fibrilla-
tion does not correlate with improved ejection fraction. Am J Cardiol 1997; 80(8):
1090–1091.

46. Brignole M, et al. Assessment of atrioventricular junction ablation and VVIR pacemaker
versus pharmacological treatment in patients with heart failure and chronic atrial fibrillation:
a randomized. controlled study. (comment). Circulation 1998; 98(10):953–960.

47. Proclemer A, et al. Radiofrequency ablation of atrioventricular junction and pacemaker
implantation versus modulation of atrioventricular conduction in drug refractory atrial fibril-
lation. Am J Cardiol 1999; 83(10):1437–1442.

48. Fitzpatrick AP, et al. Quality of life and outcomes after radiofrequency His-bundle catheter
ablation and permanent pacemaker implantation: impact of treatment in paroxysmal and
established atrial fibrillation. Am Heart J 1996; 131(3):499–507.

49. Manolis AG, et al. Ventricular performance and quality of life in patients who underwent
radiofrequency AV junction ablation and permanent pacemaker implantation due to medi-
cally refractory atrial tachyarrhythmias. J Intervent Cardiac Electrophysiol 1998; 2(1):71–76.

50. Levy T, et al. Importance of rate control or rate regulation for improving exercise capacity
and quality of life in patients with permanent atrial fibrillation and normal left ventricular
function: a randomized controlled study. Heart (British Cardiac Society) 2001; 85(2):
171–178.

51. Falk RH. Atrial fibrillation. (comment) (erratum appears in. N Engl J Med 2001 Jun 14;
344(24):1876.



Management of Atrial and Ventricular Arrhythmias 419

51. N Engl J Med. 2001; 344(14):1067–1078.
52. Edner M, et al. Prospective study of left ventricular function after radiofrequency ablation of

atrioventricular junction in patients with atrial fibrillation. Br Heart J 1995; 74(3):261–267.
53. Twidale N, et al. Mitral regurgitation after atrioventricular node catheter ablation for atrial

fibrillation and heart failure: acute hemodynamic features. Am Heart J 1999; 138(6 Pt 1):
1166–1175.

54. Vanderheyden M, et al. Hemodynamic deterioration following radiofrequency ablation of
the atrioventricular conduction system. Pacing Clin Electrophysiol 1997; 20(10 Pt 1):
2422–2428.

55. Geelen P, et al. Ventricular fibrillation and sudden death after radiofrequency catheter abla-
tion of the atrioventricular junction. Pacing Clin Electrophysiol 1997; 20(2 Pt 1):343–348.

56. Crystal E, et al. Left Atrial Appendage Occlusion Study (LAAOS): a randomized clinical
trial of left atrial appendage occlusion during routine coronary artery bypass graft surgery
for long-term stroke prevention. Am Heart J 2003; 145(1):174–178.

57. Haissaguerre M, et al. Spontaneous initiation of atrial fibrillation by ectopic beats originating
in the pulmonary veins. N Engl J Med 1998; 339(10):659–666.

58. Corrado G, et al. Thromboembolic risk in atrial flutter. The FLASIEC (FLutter Atriale
Societa Italiana di Ecografia Cardiovascolare) multicentre study. Eur Heart J 2001; 22(12):
1042–1051.

59. Lanzarotti CJ, Olshansky B. Thromboembolism in chronic atrial flutter: is the risk underesti-
mated? J Am Coll Cardiol 1997; 30(6):1506–1511.

60. Schmidt H, et al. Prevalence of left atrial chamber and appendage thrombi in patients with
atrial flutter and its clinical significance. J Am Coll Cardiol 2001; 38(3):778–784.

61. Seidl K, et al. Risk of thromboembolic events in patients with atrial flutter. Am J Cardiol
1998; 82(5):580–583.

62. Wood KA, et al. Risk of thromboembolism in chronic atrial flutter. Am J Cardiol 1997;
79(8):1043–1047.

63. Crijns HJ, et al. Long-term outcome of electrical cardioversion in patients with chronic
atrial flutter. Heart 1997; 77(1):56–61.

64. Natale A, et al. Prospective randomized comparison of antiarrhythmic therapy versus first-
line radiofrequency ablation in patients with atrial flutter. J Am Coll Cardiol 2000; 35(7):
1898–1904.

65. Paydak H, et al. Atrial fibrillation after radiofrequency ablation of type I atrial flutter: time
to onset, determinants, and clinical course. Circulation 1998; 98(4):315–322.

66. Delacretaz E, et al. Radiofrequency ablation of atrial flutter. Circulation 1999; 99(14):
E1–E2.

67. Huang DT, et al. Hybrid pharmacologic and ablative therapy: a novel and effective approach
for the management of atrial fibrillation. J Cardiovasc Electrophysiol 1998; 9(5):462–469.

68. Pratt CM, et al. Exploration of the precision of classifying sudden cardiac death. Implications
for the interpretation of clinical trials. Circulation 1996; 93(3):519–524.

69. Uretsky BF, et al. Acute coronary findings at autopsy in heart failure patients with sudden
death: results from the assessment of treatment with lisinopril and survival (ATLAS) trial.
Circulation 2000; 102(6):611–616.

70. Stevenson WG, Sweeney MO. Arrhythmias and sudden death in heart failure. Jpn Circ J
1997; 61(9):727–740.

71. Faggiano P, et al. Mechanisms and immediate outcome of in-hospital cardiac arrest in
patients with advanced heart failure secondary to ischemic or idiopathic dilated cardiomyopa-
thy. American Journal of Cardiology 2001; 87(5):655–7.

72. Grubman EM, et al. Cardiac death and stored electrograms in patients with third-generation
implantable cardioverter-defibrillators. J Am Coll Cardiol 1998; 32(4):1056–1062.

73. anonymous. Effect of enalapril on survival in patients with reduced left ventricular ejection
fractions and congestive heart failure. The SOLVD Investigators. N Engl J Med 1991;
325(5):293–302.

74. anonymous. Effect of metoprolol CR/XL in chronic heart failure: Metoprolol CR/XL Ran-
domized Intervention Trial in Congestive Heart Failure (MERIT-HF). Lancet 1999;
353(9169):2001–2007.



Tedrow and Stevenson420

75. Cohn JN, 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(6 Suppl):
VI5–V16.

76. anonymous. The Cardiac Insufficiency Bisoprolol Study II (CIBIS-II): a randomized trial.
Lancet 1999; 353(9146):9–13.

77. Nagele H, Rodiger W. Sudden death and tailored medical therapy in elective candidates for
heart transplantation. J Heart Lung Transplant 1999; 18(9):869–876.

78. Uretsky BF, Sheahan RG. Primary prevention of sudden cardiac death in heart failure: will
the solution be shocking? J Am Coll Cardiol 1997; 30(7):1589–1597.

79. Cohn JN, et al. A dose-dependent increase in mortality with vesnarinone among patients
with severe heart failure. Vesnarinone Trial Investigators. N Engl J Med 1998; 339(25):
1810–1816.

80. Pitt B, et al. Effect of losartan compared with captopril on mortality in patients with symp-
tomatic heart failure: randomised trial—the Losartan Heart Failure Survival Study ELITE
II. Lancet 2000; 355(9215):1582–1587.

81. Pitt B, et al. The effect of spironolactone on morbidity and mortality in patients with severe
heart failure. Randomized Aldactone Evaluation Study Investigators. N Engl J Med 1999;
341(10):709–717.

82. Teerlink JR, et al. Ambulatory ventricular arrhythmias in patients with heart failure do not
specifically predict an increased risk of sudden death. PROMISE (Prospective Randomized
Milrinone Survival Evaluation) Investigators. Circulation 2000; 101(1):40–46.

83. Stevenson WG, et al. Sudden death prevention in patients with advanced ventricular dysfunc-
tion. Circulation 1993; 88(6):2953–2961.

84. Connolly SJ, et al. Canadian implantable defibrillator study (CIDS): a randomized trial of
the implantable cardioverter defibrillator against amiodarone. Circulation 2000; 101(11):
1297–1302.

85. Sheldon R, et al. Identification of patients most likely to benefit from implantable cardiover-
ter-defibrillator therapy: the Canadian Implantable Defibrillator Study. Circulation 2000;
101(14):1660–1664.

86. Connolly SJ, et al. Meta-analysis of the implantable cardioverter defibrillator secondary
prevention trials. AVID, CASH and CIDS studies. Antiarrhythmics vs Implantable Defibril-
lator study. Cardiac Arrest Study Hamburg. Canadian Implantable Defibrillator Study. Eur
Heart J 2000; 21(24):2071–2078.

87. de Bakker JM, et al. Slow conduction in the infarcted human heart. ‘Zigzag’ course of
activation. Circulation 1993; 88(3):915–926.

88. Stevenson WG, et al. Exploring postinfarction reentrant ventricular tachycardia with entrain-
ment mapping. J Am Coll Cardiol 1997; 29(6):1180–1189.

89. Buxton AE, et al. A randomized study of the prevention of sudden death in patients with
coronary artery disease. Multicenter Unsustained Tachycardia Trial Investigators (erratum
appears in. N Engl J Med 2000 Apr 27; 342(17):1300. N Engl J Med 1999; 341(25):
1882–1890.

90. Moss AJ, et al. Improved survival with an implanted defibrillator in patients with coronary
disease at high risk for ventricular arrhythmia. Multicenter Automatic Defibrillator Implanta-
tion Trial Investigators. N Engl J Med 1996; 335(26):1933–1940.

91. Stevenson WG, et al. Inducible ventricular arrhythmias and sudden death during vasodilator
therapy of severe heart failure. Am Heart J 1988; 116(6 Pt 1):1447–1454.

92. Turitto G, et al. Risk stratification for arrhythmic events in patients with nonischemic dilated
cardiomyopathy and nonsustained ventricular tachycardia: role of programmed ventricular
stimulation and the signal-averaged electrocardiogram. J Am Coll Cardiol 1994; 24(6):
1523–1528.

93. Hammill SC, et al. Influence of ventricular function and presence or absence of coronary
artery disease on results of electrophysiologic testing for asymptomatic nonsustained ventric-
ular tachycardia. Am J Cardiol 1990; 65(11):722–728.



Management of Atrial and Ventricular Arrhythmias 421

94. Lindsay BD, et al. Prospective detection of vulnerability to sustained ventricular tachycardia
in patients awaiting cardiac transplantation. Am J Cardiol 1992; 69(6):619–624.

95. Das SK, et al. Prognostic usefulness of programmed ventricular stimulation in idiopathic
dilated cardiomyopathy without symptomatic ventricular arrhythmias. Am J Cardiol 1986;
58(10):998–1000.

96. Meinertz T, et al. Determinants of prognosis in idiopathic dilated cardiomyopathy as deter-
mined by programmed electrical stimulation. Am J Cardiol 1985; 56(4):337–341.

97. Poll DS, et al. Usefulness of programmed stimulation in idiopathic dilated cardiomyopathy.
Am J Cardiol 1986; 58(10):992–997.

98. Delacretaz E, et al. Mapping and radiofrequency catheter ablation of the three types of
sustained monomorphic ventricular tachycardia in nonischemic heart disease. J Cardiovasc
Electrophysiol 2000; 11(1):11–17.

99. Ellison KE, et al. Entrainment mapping and radiofrequency catheter ablation of ventricular
tachycardia in right ventricular dysplasia. J Am Coll Cardiol 1998; 32(3):724–728.

100. Pinski SL. The right ventricular tachycardias. J Electrocardiol 2000(33 Suppl):103–114.
101. Corrado D, et al. Spectrum of clinicopathologic manifestations of arrhythmogenic right

ventricular cardiomyopathy/dysplasia: a multicenter study. J Am Coll Cardiol 1997; 30(6):
1512–1520.

102. anonymous. Case records of the Massachusetts General Hospital. Weekly clinicopathological
exercises. Case 20-2000. A 61-year-old man with a wide-complex tachycardia. N Engl J
Med 2000; 342(26):1979–1987.

103. Marcus FI, Fontaine G. Arrhythmogenic right ventricular dysplasia/cardiomyopathy: a re-
view. Pacing Clin Electrophysiol 1995; 18(6):1298–1314.

104. Fontaine G, et al. Arrhythmogenic right ventricular dysplasia. Ann Rev Med 1999(50):
17–35.

105. Inoue S, et al. Myocarditis and arrhythmia: a clinico-pathological study of conduction system
based on serial section in 65 cases. Jpn Circ J 1989; 53(1):49–57.

106. Delacretaz E, et al. Ablation of ventricular tachycardia with a saline-cooled radiofrequency
catheter: anatomic and histologic characteristics of the lesions in humans. J Cardiovasc
Electrophysiol 1999; 10(6):860–865.

107. de Bakker JM, et al. Fractionated electrograms in dilated cardiomyopathy: origin and relation
to abnormal conduction. J Am Coll Cardiol 1996; 27(5):1071–1078.

108. Woelfel A, Wohns DH, Foster JR. Implications of sustained monomorphic ventricular tachy-
cardia associated with myocardial injury. Ann Intern Med 1990; 112(2):141–143.

109. Soejima K, et al. Catheter ablation in patients with multiple and unstable ventricular tachycar-
dias after myocardial infarction: short ablation lines guided by reentry circuit isthmuses and
sinus rhythm mapping. Circulation 2001; 104(6):664–669.

110. Passman R, Kadish A. Polymorphic ventricular tachycardia, long Q-T syndrome, and tor-
sades de pointes. Med Clin North Am 2001; 85(2):321–341.

111. MacNeil M. The side effect profile of Class III antiarrhythmic drugs focus on DL Sotalol.
Am J Cardiol 1997; 80:90G–98G.

112. Kowey PR, VanderLugt JT, Luderer JR. Safety and risk/benefit analysis of ibutilide for
acute conversion of atrial fibrillation/flutter. Am J Cardiol 1996; 78(8A):46–52.

113. Mazur A, et al. Pause-dependent polymorphic ventricular tachycardia during long-term
treatment with dofetilide: a placebo-controlled, implantable cardioverter-defibrillator-based
evaluation. J Am Coll Cardiol 2001; 37(4):1100–1105.

114. Maor N, Weiss D, Lorber A. Torsade de pointes complicating atrioventricular block: report
of two cases. Int J Cardiol 1987; 14(2):235–238.

115. Tomaselli GF, Rose J. Molecular aspects of arrhythmias associated with cardiomyopathies.
Curr Opin Cardiol 2000; 15(3):202–208.

116. Middlekauff HR, et al. Amiodarone and torsades de pointes in patients with advanced heart
failure. Am J Cardiol 1995; 76(7):499–502.

117. Viskin S. Cardiac pacing in the long QT syndrome: review of available data and practical
recommendations. J Cardiovasc Electrophysiol 2000; 11(5):593–600.



Tedrow and Stevenson422

118. Middlekauff HR, et al. Syncope in advanced heart failure: high risk of sudden death regard-
less of origin of syncope. J Am Coll Cardiol 1993; 21(1):110–116.

119. Knight BP, et al. Outcome of patients with nonischemic dilated cardiomyopathy and unex-
plained syncope treated with an implantable defibrillator. J Am Coll Cardiol 1999; 33(7):
1964–1970.

120. Fonarow GC, et al. Improved survival in patients with nonischemic advanced heart failure
and syncope treated with an implantable cardioverter-defibrillator. Am J Cardiol 2000; 85(8):
981–985.

121. Fruhwald FM, et al. Syncope in dilated cardiomyopathy is a predictor of sudden cardiac
death. Cardiology 1996; 87(3):177–180.

122. Moss AJ. MADIT-II and implications for noninvasive electrophysiologic testing. Ann Non-
invasive Electrocardiol 2002; 7(3):179–180.

123. Singh SN, et al. Prevalence and significance of nonsustained ventricular tachycardia in
patients with premature ventricular contractions and heart failure treated with vasodilator
therapy. Department of Veterans Affairs CHF STAT Investigators. J Am Coll Cardiol 1998;
32(4):942–947.

124. Doval HC, et al. Nonsustained ventricular tachycardia in severe heart failure. Independent
marker of increased mortality due to sudden death. GESICA-GEMA Investigators. Circula-
tion 1996; 94(12):3198–3203.

125. Davies SW, et al. Overnight studies in severe chronic left heart failure: arrhythmias and
oxygen desaturation. Br Heart J 1991; 65(2):77–83.

126. Javaheri S. Effects of continuous positive airway pressure on sleep apnea and ventricular
irritability in patients with heart failure. Circulation 2000; 101(4):392–397.

127. Javaheri S, Corbett WS. Association of low PaCO2 with central sleep apnea and ventricular
arrhythmias in ambulatory patients with stable heart failure. Ann Intern Med 1998; 128(3):
204–207.

128. Javaheri S, et al. Sleep apnea in 81 ambulatory male patients with stable heart failure.
Types and their prevalences, consequences, and presentations. Circulation 1998; 97(21):
2154–2159.

129. Moss AJ, et al. Prophylactic implantation of a defibrillator in patients with myocardial
infarction and reduced ejection fraction. N Engl J Med 2002; 346(12):877–883.

130. Buxton AE, et al. Electrophysiologic testing to identify patients with coronary artery disease
who are at risk for sudden death. Multicenter Unsustained Tachycardia Trial Investigators.
N Engl J Med 2000; 342(26):1937–1945.

131. Bigger JT, et al. Mechanisms of death in the CABG Patch trial: a randomized trial of
implantable cardiac defibrillator prophylaxis in patients at high risk of death after coronary
artery bypass graft surgery. Circulation 1999; 99(11):1416–1421.

132. Doval HC, et al. Randomised trial of low-dose amiodarone in severe congestive heart failure.
Grupo de Estudio de la Sobrevida en la Insuficiencia Cardiaca en Argentina (GESICA).
Lancet 1994; 344(8921):493–498.

133. Strickberger SA, et al. Amiodarone versus implantable cardioverter-defibrillator:randomized
trial in patients with nonischemic dilated cardiomyopathy and asymptomatic nonsustained
ventricular tachycardia—AMIOVIRT. J Am Coll Cardiol 2003; 41(10):1707–1712.

134. Connolly SJ. Meta-analysis of antiarrhythmic drug trials. Am J Cardiol 1999; 84(9A):
90R–93R.

135. Barold HS, et al. Concealed mechanical bradycardia: an indication for permanent pacemaker
implantation. Pacing Clin Electrophysiol 1998; 21(10):2007–2008.

136. Gregoratos G, et al. ACC/AHA/NASPE 2002 guideline update for implantation of cardiac
pacemakers and antiarrhythmia devices: summary article: a report of the American College
of Cardiology/American Heart Association Task Force on Practice Guidelines (ACC/AHA/
NASPE Committee to Update the 1998 Pacemaker Guidelines). Circulation 2002; 106(16):
2145–2161.

137. Moss AJ. Implantable cardioverter defibrillator therapy: the sickest patients benefit the most.
Circulation 2000; 101(14):1638–1640.



Management of Atrial and Ventricular Arrhythmias 423

138. Bocker D, et al. Potential benefit from implantable cardioverter-defibrillator therapy in
patients with and without heart failure. Circulation 1998; 98(16):1636–1643.

139. Mecca A, et al. Implantable cardioverter defibrillator therapy for patients with life- threaten-
ing ventricular arrhythmias and severe heart failure. Am J Cardiol 2000; 86(8):875–877.

140. Saxon LA, et al. Implantable defibrillators for high-risk patients with heart failure who are
awaiting cardiac transplantation. Am Heart J 1995; 130(3 Pt 1):501–506.

141. Sweeney MO, et al. Influence of the implantable cardioverter/defibrillator on sudden death
and total mortality in patients evaluated for cardiac transplantation. Circulation 1995; 92(11):
3273–3281.

142. Best PJ, Hayes DL, Stanton MS. The potential usage of dual chamber pacing in patients
with implantable cardioverter defibrillators. Pacing Clin Electrophysiol 1999; 22(1 Pt 1):
79–85.

143. Grines CL, et al. Functional abnormalities in isolated left bundle branch block. The effect
of interventricular asynchrony. Circulation 1989; 79(4):845–853.

144. Nielsen JC, et al. Regional myocardial blood flow in patients with sick sinus syndrome
randomized to long-term single chamber atrial or dual chamber pacing—effect of pacing
mode and rate. J Am Coll Cardiol 2000; 35(6):1453–1461.

145. Tse HF, Lau CP. Long-term effect of right ventricular pacing on myocardial perfusion and
function. J Am Coll Cardiol 1997; 29(4):744–779.

146. Wilkoff BL, et al. Dual-chamber pacing or ventricular backup pacing in patients with an
implantable defibrillator: the Dual Chamber and VVI Implantable Defibrillator (DAVID)
Trial. JAMA 2002; 288(24):3115–3123.

147. Spotnitz HM. Does ventricular fibrillation cause myocardial stunning during defibrillator
implantation? J Card Surg 1993; 8(2 Suppl):249–256.

148. Pires LA, et al. Sudden death in implantable cardioverter-defibrillator recipients: clinical
context, arrhythmic events and device responses. J Am Coll Cardiol 1999; 33(1):24–32.

149. Villacastin J, et al. Incidence and clinical significance of multiple consecutive, appropriate,
high-energy discharges in patients with implanted cardioverter-defibrillators. Circulation
1996; 93(4):753–762.

150. Exner DV, et al. Electrical storm presages nonsudden death: the Antiarrhythmics Versus
Implantable Defibrillators (AVID) Trial. Circulation 2001; 103(16):2066–2071.

150a. Stevenson WG, Epstein LM, Maisel WH, Sweeney MO, Stevenson LW. Clinical approaches
to tachyarrhythmias. In: Camm AJ, Ed. Clinical Approach to Tachyarrhythmias. Vol. 15.
Futura Publishing. Inc., 2002.

151. Thomas SA, Friedmann E, Kelley FJ. Living with an implantable cardioverter-defibrillator:
a review of the current literature related to psychosocial factors. AACN Clin Iss 2001; 12(1):
156–163.

152. Sears SF, et al. Assessing the psychosocial impact of the ICD: a national survey of implanta-
ble cardioverter defibrillator health care providers. (comment). Pacing Clin Electrophysiol
2000; 23(6):939–945.

153. Dunbar SB, et al. Association of mood disturbance and arrhythmia events in patients after
cardioverter defibrillator implantation. Depres Anxiety 1999; 9(4):163–168.

154. Heller SS, et al. Psychosocial outcome after ICD implantation: a current perspective. Pacing
Clin Electrophysiol 1998; 21(6):1207–1215.

155. Fricchione GL, Vlay LC, Vlay SC. Cardiac psychiatry and the management of malignant
ventricular arrhythmias with the internal cardioverter-defibrillator. Am Heart J 1994; 128(5):
1050–1059.





20
Heart Failure in Special Populations

Clyde W. Yancy
Heart Failure/Transplantation, University of Texas Southwestern Medical Center
Dallas, Texas, USA

SYNOPSIS

Despite considerable elucidation of the heart failure syndrome, two important special
clinical situations arise that require additional perspectives: ‘‘special populations’’ of pa-
tients affected with heart failure; and important clinical comorbidities that may accompany
heart failure. The prototypical special populations are women, the elderly, and minorities.
Each of these groups is frequently underrepresented in clinical trials but is seemingly
overrepresented in clinical practice. Available data, largely derived from post-hoc subgroup
analyses of the major clinical initiatives in heart failure, have yielded several prevailing
themes pertinent to all three groups: the compelling influence of hypertension on the
genesis of heart failure; questions regarding efficacy of current medical treatment regi-
mens; and the concern that morbidity and possibly mortality due to heart failure may be
more problematic. Despite these concerns, there are no substantial data to suggest that
treatment algorithms should vary as a function of gender, age, or race. Whereas most
clinical trials in heart failure exclude the patient with significant renal, pulmonary, or
thyroid diseases, the prevalence of these comorbidities in heart failure is not insignificant
and the contribution to excess morbidity and mortality in heart failure can be substantial.

INTRODUCTION

Heart failure is no longer a diagnosis of futility with a poor quality of life and dismal
outcome. Rather, significant strides in elucidation of the pathophysiology of left ventricular
dysfunction have led to the emergence of therapeutic options that have yielded marked
improvements in the quality and quantity of life for persons affected with heart failure.
The use of angiotensin converting enzyme inhibitors [1], beta-blockers [2], aldosterone
antagonists [3], and angiotensin-receptor antagonists for the ACE-I-intolerant patient [4]
now represent standards of care and should be regarded as quality benchmarks in any
ambulatory heart failure disease management program. With appropriate introduction of
comprehensive neurohormonal antagonism, the risk of death due to heart failure in all but
the most severely ill patient can be reduced by 50% and the corresponding decrease in
the risk for hospitalization is of nearly the same magnitude.

425



Yancy426

The target of therapy for heart failure is shifting from a focus based solely on
increased longevity to one that aims to improve the quality of life and to reduce the
consumption of health care resources. This is a laudable evolution in the treatment of one of
the most common medical maladies, but a disturbing question emerges. Do these treatment
successes and the favorable momentum now established include all patients with heart
failure? Such a question appears perfunctory at first contemplation, but the demographics
of major clinical trials have been overwhelmingly male, late middle-age, and white. As
well, the majority of clinical trials in heart failure exclude by definition patients who have
other important systemic illnesses. Thus, the majority of patients with heart failure are
excluded from participation in clinical trials. Nevertheless, favorable results of clinical
trials have been extrapolated to the general population with the presumption that the results
are applicable in a more general population. Renewed analyses have begun to address the
applicability of the findings from important clinical trials in the broader population and
to establish nuances in the natural history of heart failure in subgroups of interest and
perhaps differences in the response to medical therapy.

This chapter will address two important groups; those patients in special populations
affected with heart failure, especially women, the elderly, and African Americans; and
those patients with common comorbidities, including renal disease, pulmonary disease,
and thyroid disease.

Prior to embarking upon a discussion of the important subgroups in heart failure,
it is important to acknowledge limitations of the currently available datasets. Virtually all
of the available information on treatment emanates from post-hoc analyses of clinical trial
data that did not have as an a priori objective a statistically valid population of any of
these important subgroups. Data regarding important comorbidities are even less reliable
as these patients were often excluded from clinical trial participation. Despite these obvious
limitations, consistent themes have emerged that define the patient groups in question,
enlighten their unique natural history, and address their response to medical therapy for
heart failure.

SPECIAL POPULATIONS AT RISK

Women

Women are significantly affected by heart failure [5] (Fig. 1). The highest incidence of
heart failure is observed in older women and in African American women. In addition,
in younger women (age �50 years), the high prevalence of obesity and diabetes may
predispose to heart failure. Hypertension is a known risk factor for heart failure in as
many as 90% of all cases of the disease [5,6]. This is especially true in women. Both men
and especially women who demonstrate obesity have been shown to have corresponding
linear increases in sympathetic nervous system activation [7]. This pattern is present in
both African-American and Caucasian women. The correlation is even more striking in
women with significant visceral fat deposits. Obesity, which is present in at least 35% of
the U.S. population [8], predisposes to sympathetic activation in women, which in turn
predisposes to hypertension. Given the correlation of hypertension as an antecedent illness
in the eventual development of heart failure [6], it is plausible that the obesity epidemic
is partially responsible for the occurrence of heart failure in women. The obesity epidemic
likewise contributes to the alarming rates of type II diabetes seen in women, and the
striking prevalence of the metabolic syndrome, thus, establishes an important substrate
for aggressive cardiovascular disease in women.
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Figure 1 Cumulative risk for 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 years.
(From Ref. 5a.)

As a consequence, the natural history of heart failure in women is typified by hyper-
tension, diabetes, obesity and African American race. The incidence of documented epicar-
dial coronary artery disease is lower as is the concomitant presence of tobacco abuse [9].

Women with heart failure may fare slightly better than men. In the original Framing-
ham Study, women with heart failure had a 5-year survival of 50% compared with only
33% for men [5]. A more recent analysis, Resource Utilization Among Congestive Heart
Failure Study [REACH] [10], confirmed yet again a better prognosis for women than for
men. REACH was a 10-year epidemiological survey of heart failure (n � 29,686) using
ICD-9 codes as a probe with incidence, prevalence, and mortality identified. The incidence
of heart failure in the Framingham study was 4.7 cases/1000 for women and 7.2/1000 for
men. In REACH, the incidence for women was 5.3 and for men, 5.5/1000. The prevalence
of heart failure in the Framingham study was 7.7/1000 in women and 7.4/1000 in men.
In REACH, the prevalence was 10.5/1000 in women and 10.9/1000 in men. The overall
median survival seen in REACH for women was 4.5 years vs. 3.7 years for men. (Fig.
2) [10]. The corresponding median survivals seen in the Framingham study were 3.2 and
1.7 years for women and men, respectively. For women in REACH who were less than
65 years of age, the median survival was 6 years. Thus, women with heart failure have
a lower incidence of the disease, similar prevalence, and a decided survival advantage
compared with men. The REACH survey included nearly 45% African Americans com-
pared with virtually zero in the Framingham Study. Given the excess incidence of heart
failure in African Americans, i.e., 50% to 75% greater incidence [11], the findings from
REACH may have been largely impacted by the very different demographic features.

The survival advantage seen in women with heart failure is not clear and within recent
clinical trials, is not manifest. If there is a difference in mortality, it may be influenced by
a higher incidence of heart failure with preserved systolic function, which is known to
have a somewhat better prognosis than heart failure with systolic dysfunction. These data
should not be interpreted to represent heart failure as a benign disease in women. The
diagnosis of heart failure in women is associated with a greater 5-year risk of death than
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Figure 2 Age-adjusted and race-adjusted mortality for men and women with heart failure
in an integrated health care system, 1989 to 1999; p � 0.0001. (From Ref. 10.)

an acute myocardial infarction, breast cancer, and colon cancer; and a similar rate of death
as ovarian cancer. Only female lung cancer patients fare worse than heart failure patients
[12].

The pathophysiological explanations for these gender differences in heart failure
have not been fully explored and are largely theoretical. Several observations vis-à-vis
ventricular pathology are pertinent. In response to hypertension, women do express a less
malignant pattern of left ventricular hypertrophy than men. Women appear to be quite
sensitive to the effects of chemotherapeutic agents, especially anthracyclines and the HER-
2-neu oncogene antibody (herceptin). These differences may be gender specific or may
be seen in women simply due to breast cancer therapy. One also notes the pathology
associated with peripartum cardiomyopathy and the slightly higher incidence of primary
pulmonary hypertension. If a pathophysiological basis for ventricular/vascular disease is
present, a culprit etiology would reside in the cardiovascular influences of estrogen. Estro-
gen stimulates genes responsible for prostacyclin, endothelin-1, E-selectin, vascular endo-
thelial growth factor and matrix metalloproteinase-2. Estrogen also stimulates genes regu-
lating fibrinogen, tPA and PAI-1, platelet derived growth factor, transforming growth
factor beta 1 and protein S [9]. Thus, an environment is created that predisposes to vascular
smooth muscle growth, fibrosis, and thrombosis. Much work needs to be done to fully
understand the nuances of estrogen effect on the cardiovascular system.

The treatment of heart failure in women has not been studied in a prospective,
controlled manner nor are any such trials contemplated. Moreover, the representation of
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Table 1 Participation of Women in Major Clinical Trials of Heart Failure

Trial Number of Women % Women

V-HeFT I 0 0
CONSENSUS I 75 30
SOLVD-Treatment 504 19.5
U.S. Carvedilol Heart Failure Trials 256 23.5
COPERNICUS 465 25
DIG 1520 22.5

women in major heart failure trials has been quite variable, ranging from 0% to 30%.
(Table 1)

Data from 30 randomized trials of ACE inhibitors in heart failure due to left ventricu-
lar systolic dysfunction failed to demonstrate a mortality benefit of ACE inhibitors in
women [13]. (Fig. 3) There are no data from the direct vasodilator experience in women,
i.e., V-HeFT I and II trials. A review of the Digitalis Investigators Group (DIG trial)
determined that not only did women fail to derive a benefit from digoxin therapy for heart
failure, but that a risk existed when the digoxin level was high normal but still well within
the recommended therapeutic range [14]. The absence of benefit on outcome for ACE -
inhibitors, vasodilators, and digoxin in women may reflect selection bias in these early
trials.

The experience with beta-adrenergic receptor antagonists is more encouraging, but
questions of efficacy have also been raised. (Fig. 4) A review of key beta-blocker trials
reveals that the representation of women in these trials was not controlled and in only
one study was a randomization target specified. The Beta-Blocker Evaluation of Survival
Trial, [BEST], prespecified a randomization target for women and incentivized investiga-
tors to recruit women. The target was at least 20% of enrolled patients and this threshold
was achieved. In BEST, 593 women were enrolled. Unfortunately, the overall trial results
failed to meet the primary endpoint of a reduction in all-cause mortality [15]. This was
especially evident in women and within the African American cohorts in the trial. Prior
to surmising that these findings cast doubt on the efficacy of beta-blockers in women with
heart failure, it must be acknowledged that bucindolol has a very different pharmacologic
profile from other beta-blockers used in heart failure (Chapter 13). It exerts a much more
profound reduction in plasma norepinephrine levels and has been demonstrated to have
at least partial intrinsic sympathomimetic activity [16]. Both of these characteristics have
been separately shown to contribute to excess mortality in heart failure.

The BEST trial demonstrated that women with heart failure are overrepresented by
African Americans—30% of the women in BEST were African American. Women were
more likely to have a nonischemic etiology for their left ventricular dysfunction. The
degree of neurohormonal activation was less in women than men, measured as plasma
norepinephrine levels. The presence of atrial fibrillation imparted a two-fold increase in
the risk of death for women in the BEST trial [17].

The Metoprolol Extended Release Randomized Intervention Trial in Heart Failure
[MERIT-HF] study included nearly 900 women (29% of the overall cohort). A benefit
on all-cause mortality was not seen within this group but the combined endpoint of all-
cause mortality and all cause hospitalization was achieved with a 21% reduction in events.
The reduction in all-cause hospitalizations was 29% and for hospitalizations due to heart
failure, there was a 42% reduction in hospitalizations. Within the MERIT-HF experience,
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Figure 3 Effect of angiotensin-converting enzyme inhibitors on mortality in patient with
heart failure. For each study, the size of the box is proportional to the sample size, and the
lines denote the 95% confidence interval. For the combined results, the ends of the diamond
shape denote the 95% confidence interval. Trial abbreviations are contained in the text.
Prev, prevention trial; Tx, treatment trial. (From Ref 13a.)

183 women were identified as having severe heart failure. The influence of beta-blocker
therapy on that group yielded a 57% decrease in all-cause hospitalization and 72% reduc-
tion in heart failure hospitalization [18].

The favorable benefit of beta-blocker therapy in women was further supported by
results from the carvedilol trials. In the U.S. Carvedilol Heart Failure Trials Program, the
relative risk reduction for mortality was 0.32 (p � 0.028) in women and 0.43 (p � 0.007)
in men. Mortality was not a prespecified endpoint in these trials [19]. The Carvedilol
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Figure 4 Point estimates for hazard ratios and 95% confidence intervals for total mortality
by gender and overall in the CIBIS II, MERIT-HF and COPERNICUS trial. Trial abbreviations
are contained in the text. (From Ref. 18.) NP; not published

Prospective Randomized Cumulative Survival study (COPERNICUS) trial evaluated the
efficacy of carvedilol when added to an ACE inhibitor in the management of severe heart
failure. The overall trial results were overwhelmingly positive and demonstrated a 35%
survival advantage attributable to carvedilol. Among the 465 women randomized (25%
of the overall population), a similar relative risk reduction in mortality was seen when
compared to men. The confidence intervals were broad and crossed the line of identity;
however, for the combined endpoint of death plus hospitalization for any reason or death
plus hospitalization for heart failure, the relative risk reduction was not only identical to
men but did, in fact, reach statistical significance [20,21].

The aggregate experience using beta-blocker therapy in women clearly demonstrates
efficacy of this drug class and there should be no hesitancy to utilize neurohormonal
antagonism with beta-blockers plus ACE inhibitors as primary therapy of heart failure in
women with a goal of reducing both morbidity and mortality.

Elderly

The burden of heart failure and its public health implications are perhaps greatest in the
elderly population. The prevalence of heart failure in persons beyond the age of 65 years
exceeds 5% and for those beyond the age of 80 years, the prevalence is at least 10% of
the population. Among patients hospitalized with heart failure, 80% are older than 65
years [22]. In the Acute Decompensated Heart Failure Registry [ADHERE], the median
age of 27,000 patients admitted for heart failure to 250 U.S. hospitals was 75 years. The
in-hospital mortality rate for all participants was 4% but was substantially higher in the
cohort greater than 75 years of age [23]. The mortality rate attributable to heart failure
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hospitalization is highest in the elderly and approximates the average mortality rate of
acute myocardial infarction. The expense attributable to in-patient care for hospitalization
represents nearly 50% of the annual $30 billion expenditure on heart failure, and the
majority of this hospitalization expense is observed in the elderly population admitted
with heart failure–oftentimes with preventable precipitating causes for the admission. The
ability of any treatment strategy to impact these costs has considerable public health
implications.

Comprehensive disease-management programs that encourage compliance with opti-
mal medical treatment strategies, promote flexible diuretic regimens, and provide nursing
based education are particularly helpful in the elderly population. Emerging data from
these programs are clearly demonstrating a decrease in hospitalization usage and an im-
provement in mortality [24].

As a disease entity, heart failure in the elderly is a peculiar process. There are several
explanations for the high prevalence of heart failure in the elderly. More patients now
survive acute myocardial infarction and are spared premature death due to sudden cardiac
events. Thus, more patients are surviving with impaired ventricular function and undergo
ventricular remodeling, the natural history of which leads to symptomatic heart failure.
Another plausible explanation for the high prevalence of heart failure in the elderly is
hypertension [25]. Nearly 90% of all individuals above the age of 80 years have hyperten-
sion, which places this population at high risk for the development of heart failure [26].
(Fig. 1) Yet another potential explanation for the prevalence of heart failure in the elderly
is the natural senescence of the myocardium. The loss of functioning myocytes is approxi-
mately 5% per year in patients beyond the age of 65 years, which, along with the corre-
sponding increase in extracellular matrix, contributes to changes in left ventricular compli-
ance. Consequently, ventricular phenotypic changes exist that predispose to ‘‘heart failure
with preserved systolic function.’’ Clinical data support this physiological construct. Con-
sistently, 50% of heart failure admissions in the elderly occur in the setting of preserved
systolic function [23]. Evidence-based algorithms for the treatment of diastolic heart failure
are currently lacking (Chapter 17).

Management of heart failure in the elderly should be aimed at its prevention. As
noted, hypertension imparts a considerable risk in the development of heart failure, at
least two-fold above the general population. This risk is even higher in the setting of
hypertension with a prior myocardial infarction and/or diabetes [27]. Encouraging data
from the hypertension literature demonstrate the ability to significantly limit the progres-
sion from hypertension to heart failure in the elderly.

The Systolic Hypertension in the Elderly Project [SHEP] was a placebo-controlled,
randomized trial of thiazide diuretics with or without beta-blockers in patients older than
60 years with systolic hypertension. The entry systolic blood pressure was 160 to 219 mm
Hg. The treated group experienced an annual reduction in the onset of heart failure of at
least 50%. The magnitude of this benefit was even greater in the elderly patient with
systolic hypertension and a past history of a myocardial infarction. The number of hyper-
tensive patients needed to treat to save one life with thiazide diuretic plus beta-blocker
was 48; in the setting of a prior myocardial infarction, that number was reduced to only
15 [27]. (Fig. 5) The Swedish Trial of Older Persons [STOP] with systolic hypertension
supported these findings by demonstrating that the use of thiazide diuretics plus beta-
blockers reduced annual mortality by 43% [28].

More recent data from the Second Australian National Blood Pressure Study Group
demonstrated that for patients aged 65 to 84 years with hypertension (defined as systolic
greater than 160 mmHg and/or diastolic pressure greater than 90 mm Hg) the use of an
ACE inhibitor led to a 17% decrease in the rate of a cardiovascular event or death in men
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Figure 5 Occurrence of fatal and hospitalized nonfatal heart failure in the active therapy
and placebo groups of the Systolic Hypertension in the Elderly Program [SHEP] among
participants who had a history or electrocardiographic evidence of myocardial infarction (MI)
at baseline and among those who did not have a history or electrocardiographic evidence
of MI at baseline. Line 1 indicates the placebo group (patients with a history of MI at baseline);
line 2, active therapy group (patients with history of MI at baseline); line 3, placebo group
(patients with no history of MI at baseline); and line 4, active therapy group (patients with
no history of MI at baseline). (From Ref. 27.)

(but not in women) compared with the use of a thiazide alone [29]. There was no difference
in outcomes within women. The HOPE trial enrolled patients 55 years of age or older
with known risk factors for atherosclerosis to ramipril, vitamin E or placebo. The use of
ramipril in this at-risk group was associated with a 17% decrease in the incidence of heart
failure [30]. These trial data suggest that effective therapy of hypertension may decrease
the incidence of heart failure and improve cardiovascular outcomes. Consequently, the
argument for the implementation of preventive strategies for heart failure is quite compel-
ling.

Once the disease is established, data regarding treatment becomes of paramount
importance. Therapeutic options to manage heart failure are not only effective in the
elderly, but are perhaps most effective due to the very high event rate in this population.
Depending on the age threshold defining ‘‘elderly,’’ the majority of heart failure trials
were actually conducted in elderly cohorts and, thus, the findings are ideally suitable to
the usual patient population. A review of the MERIT-HF, U.S. Carvedilol Heart Failure
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Trials Program and COPERNICUS trials demonstrates in a most convincing way that
patients older than 65 years in these trials responded to medical therapy of heart failure
using the combination of an ACE inhibitor and beta-blocker. The magnitude of benefit
in each trial for those patients younger than 65 and older than 65 years of age was identical
[19,20,31]. Observations in patients older than 75 years support, yet again, the benefit of
medical therapy in heart failure [32].

Available data would suggest that heart failure in the elderly is a major public health
problem and deserves more attention. The event rate is quite high and the expenditure of
resources is considerable. The very high penetration of symptomatic heart failure with
preserved systolic function further complicates disease management in this group. Preven-
tion is the best strategy and effective evidence based management of hypertension appears
to be the most appropriate strategy. This is especially evident in the group with systolic
hypertension of the elderly. When the elderly patient has symptomatic heart failure due
to systolic dysfunction, it must be emphasized that there are no data to substantiate the
appropriateness of a more conservative strategy. Unfortunately, elderly patients when
exposed to appropriate therapies for heart failure are often underdosed, thus, limiting the
efficacy of these agents. Long-term disease management in the elderly should also address
end-of-life decision-making and the application of expensive device and surgical treatment
alternatives in the setting of advance heart failure and limited longevity.

Ethnic Minorities

The most salient discussion of ‘‘special populations’’ in the realm of heart failure focuses
on ethnic minority groups. Conclusions from these limited data sets must be qualified.
The best data points available are for African Americans with heart failure as no other
ethnic minority has been studied to any significant degree. Heart failure occurs in the
African American population with a higher incidence, perhaps as much as 50% higher
than in other racial groups. The overall incidence of heart failure in the population is 2%
[�5 million patients] but within the African American cohort, the incidence is 3% [33].
The SOLVD [Studies of Left Ventricular Dysfunction] Prevention trial confirmed that
African Americans develop heart failure at a statistically higher incidence rate than
non–African Americans [34]. There are also several differences in the presentation of this
disease in African Americans. Symptoms are generally associated with a more advanced
stage of left ventricular dysfunction. The clinical classification is likewise more ad-
vanced—thus, the African American patient with heart failure presents with a much more
malignant disease process. Disease etiology also differs from the general population. The
SOLVD Registry first identified a striking dissimilarity in the etiology of left ventricular
dysfunction in African Americans compared to non–African Americans [35]. Whereas
hypertension as a lone etiology of left ventricular dysfunction was present in only 4% of
the non–African American cohort, more than 30% of the African American cohort had
hypertension as the probable cause of left ventricular dysfunction. Data reported from
major clinical trials in heart failure support this variance in disease etiology. The docu-
mented presence of either a prior myocardial infarction or known ischemic heart disease
is present in nearly 70% of cases of heart failure in non–African Americans, but only
40% for African Americans [33]. (Fig. 6). By inference, the proportion of nonischemic
disease associated with left ventricular dysfunction and heart failure is much higher in
African American patients. The distribution of nonischemic etiologies may include hyper-
tensive heart disease, dilated cardiomyopathies, alcohol and obesity related cardiomyopa-
thies and postinflammatory cardiomyopathies. Although difficult to precisely quantify,
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Figure 6 Etiology of heart failure among African-American men and women who partici-
pated in major heart failure clinical trial. Trial abbreviations are contained in the text.

the incidence of hypertension varies from 30% to nearly 60% depending on the database
analyzed [33].

Outcomes seen within the African American group with heart failure are perhaps
most troublesome. Both morbidity and mortality outcomes appear to be higher in this
population. Heart failure hospitalization rates in African Americans are higher than for
non–African Americans. Whether this variance is related to more advanced disease or
differences in access to standard medical care is unclear. Within the SOLVD treatment
trial, African Americans had a higher rate of hospitalization despite being cared for by
the same investigator/infrastructure as the overall study.

Mortality issues are quite debatable. The SOLVD experience suggested that an in-
creased mortality risk does exist within the African American patient with heart failure.
The relative risk of race as a contributor to mortality was 1.75-fold increased for African
American men and 2.4-fold increased for African American women. Despite controlling
for quantifiable measures of socioeconomic status (i.e., financial stress and educational
level), differences in outcomes still persisted [36]. These data strongly suggest that impor-
tant physiological differences do exist. However, these issues have been challenged since
the data were not risk-adjusted. A subsequent reanalysis matched African American pa-
tients with non–African American patients for the same degree of left ventricular dysfunc-
tion, clinical classification, and trial participation, i.e., Prevention or Treatment trial. The
characteristics of this overall matched population weighed heavily toward a lower risk
population. In this lower-risk matched cohort, there were no differences in mortality noted.
Hospitalizations did, however, vary as a function of race. After initiation with ACE inhibi-
tor therapy, the rate of hospitalization was unaffected in African American patients while
being reduced by 44% in non–African American patients. Although this observation might
suggest poorer outcomes in heart failure as a function of race, the impact of the prescribed
dose of ACE inhibition on blood pressure reduction was much less—6/3 mmHg in the
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non–African American group and 0/0 mm Hg in the African American group. Thus, the
observed difference in the rate of hospitalization might have been attributable to drug
effect and be dose dependent [37].

Unique Pathophysiological Considerations of Heart Failure in African Americans

The foregoing data suggest that a credible argument can be made that heart failure in
African Americans is a different disease process. If the influence of the socioeconomic
milieu is insufficient to account for observed differences, then certain pathophysiological
differences must be implicated. Hypertension is a more malignant vascular process in
African Americans [33,38,39]. It is associated with a three-fold incidence of left ventricular
hypertrophy, a nearly 10-fold incidence of end-stage renal disease, and a higher rate of
stroke, hemorrhagic stroke, and fatality due to stroke [38].

Plausible pathophysiological explanations do exist, but proven mechanisms are still
lacking. The emerging field of population biology with specific identification of single
nucleotide polymorphisms (SNPs) that affect protein expression provides candidate genetic
mechanisms that may add insight regarding the pathophysiology of hypertensive heart
disease. Candidate single nucleotide polymorphisms include but are not limited to genes
for; ACE [40]; aldosterone synthase [40]; eNOS (nitric oxide synthase) [40]; alpha 1, beta
1 and beta 2 adrenergic receptors [41,42]; natriuretic peptide receptors and G proteins
[43]. (Table 2)

Taken in aggregate, one or more of these polymorphisms may contribute to acceler-
ated fibrosis, impaired vasodilation, blunted renin-angiotensin-aldosterone system func-
tion, blunted sympathetic nervous system function, and impaired nitric oxide homeostasis.

An especially attractive hypothesis implicates accelerated fibrosis. Transforming
growth factor beta-1, (TGF-beta-1), is a cytokine that is stimulated by angiotensin II
production, promotes collagen turnover, stimulates mRNA for endothelin, and is associated
with both left ventricular hypertrophy and glomerular hypertrophy. Within a hypertensive
cohort of African Americans, TGF-beta-1 levels are remarkably elevated even when com-
pared with similarly hypertensive non–African Americans. A described polymorphism at
codon 10 for TGF-beta 1 is present in African Americans that leads to a 40% increase in
TGF-beta-1 levels that subsequently leads to an increase in endothelin-1 levels [44]. A
similarly attractive hypothesis can be constructed that incorporate variations in the expres-
sion of adrenergic receptors. Within a small cohort of African Americans with respiratory

Table 2 Plausible Genetic Polymorphisms Responsible for Left Ventricular Dysfunction in
African Americans

Genetic Polymorphism Clinical Implications

Subsensitive beta-1- receptor; decreased affinity for
agonist and less cAMP generation (41)

Presence of both polymorphisms is associated with
increased risk for heart failure in blacks; RR
10.11 when both are present (42)

Subsensitive Nitric Oxide system (40)
? Excessive fibrosis (40)
40% higher TGF Beta 1 levels;? Higher endothelin

levels;? More fibrosis (44)
Marker of low renin HTN, LVH and stroke (43)

Beta 1 adrenergic receptor; Gly-389

Beta 1 adrenergic receptor; ARG-
389/alpha 2C Del322–325 receptor

eNOS
Aldosterone Synthase
TGF-Beta 1

G Protein 825-T Allele
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illnesses, there is a described polymorphism of the �1 adrenergic receptor that exists at
position 389 and involves a glycine substitution for arginine. When exposed to isoprotere-
nol, this SNP results in a blunted production of cyclic AMP (adenosine monophosphate)
and would be a plausible explanation for a subsensitive sympathetic nervous system
[41,42]. (Fig. 7) Within the Vasodilator Heart Failure Trials (V-HeFT), African Americans
had lower norepinephrine levels despite similar measures of left ventricular dysfunction,
thus supporting the concept that the sympathetic nervous system may be subsensitive in this
population [45]. However, data from a population of patients with heart failure analyzed for
the apparent loss-of-gain Gly-389 SNP yielded a remarkable observation. The combination
of the arginine-389 substituted �1 adrenergic receptor plus a separate SNP of the
�-receptor, that increases the presynaptic release of norepinephrine, was associated with
a striking incidence of heart failure only in African Americans [42]. (Fig. 8) Clearly this
field of investigation requires more data but observations regarding poorer outcomes in
African Americans with heart failure may ultimately be explained less so by the arbitrary
descriptor of race and more so by the distribution of at-risk genetic markers.

Response to Medical Therapy for Heart Failure in African Americans

Vasodilator Therapy. The Vasodilator Heart Failure Trials (V-HeFT I and II)
tested the benefit of isosorbide dinitrate and hydralazine given in combination vs. placebo
in patients with NYHA class II -III ambulatory heart failure due to systolic dysfunction
[46,47]. V-HeFT I is considered a landmark trial because it first demonstrated that the
natural history of heart failure could be altered with medical therapy, specifically vasodila-
tor therapy [46]. V-HeFT II later compared vasodilator therapy and ACE inhibitor therapy
and demonstrated superiority of ACE inhibitor therapy [47]. When those trials were reeval-
uated as a function of race, no statistically significant benefit was evident in non–African
Americans [45]. The entirety of the positive response seen in V-HeFT-I was observed in
African Americans. Within V-HeFT II, the non–African American group demonstrated a

Figure 7 Functional coupling of the Gly-389 and Arg-389 receptors to adenylyl cyclase.
Results illustrate absolute adenylyl cyclase activity based on studies with clonal lines ex-
pressing each receptor. The Arg-389 receptor demonstrates small increases in basal activity
and marked increases in agonist-stimulated activity compared with the Gly-389 receptor.
(From Ref. 41.)
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Figure 8 Basis of the hypothesis that the �2cDel322–325 and �1Arg389 receptors act
synergistically as risk factors for heart failure. The �2c-adrenergic receptor (along with the
�2A-adrenergic receptor) inhibits norepinephrine release at cardiac presynaptic nerve end-
ings through negative feedback. The presence of the dysfunctional �2cDel322–325 receptor
would be expected to result in enhance norepinephrine release. The �1-adrenergic receptor
is the receptor for norepinephrine on the cardiomyocyte, and the presence of the hyperfunc-
tional �1Arg389 receptor would be expected to increase contractile response at the myocyte.
The combination of increased norepinephrine release and increased responsiveness of the
receptor may increase the risk of over heart failure. (From Ref. 42.)

benefit of ACE-inhibitor therapy over vasodilator therapy. However, there was no statisti-
cally significant difference between vasodilator therapy and ACE-inhibitor therapy in the
African-American cohort [45]. These data do not mean that ACE inhibitors did not work
in the African-American group but rather that the vasodilator regimen worked particularly
well. The prevailing hypothesis is that the combination of isosorbide dinitrate and hydrala-
zine functions as a potent nitric oxide donor/antioxidant, which may be uniquely beneficial
in the African-American population. This potential benefit of vasodilator therapy in African
Americans is being tested prospectively in a randomized, placebo-controlled clinical trial,
African American Heart Failure Trial (A-HeFT) [48]. A proprietary combination of isosor-
bide dinitrate and hydralazine, BiDil, is being given in addition to standard therapy for
heart failure that includes ACE inhibitors and beta-blockers.

ACE-Inhibitor Therapy. Prevailing theories from the hypertension literature
have consistently suggested that African Americans do not respond as favorably to ACE
inhibitors. Supporting data are underwhelming and mechanistic information on variances
in the renin angiotensin aldosterone system are likewise absent. The SOLVD trial provides
the best data on the use of ACE inhibitors in African Americans with heart failure [35,36].
Despite early reports of differences in mortality, there has not been any conclusive evidence
within the SOLVD experience that African Americans have a dissimilar response to ACE
inhibitors when mortality is the end-point [37]. Any apparent mortality differences are
likely related to a differential incidence of disease and not a failure to respond to medical
therapy. Data from the V-HeFT II trial corroborate that finding by demonstrating that the
annual mortality rate in both African Americans and non–African Americans was similar
in the groups on ACE-inhibitor therapy, �13% annual mortality rate [45]. Hospitalization
rates were dissimilar in SOLVD for reasons as previously stated [37]. Whether this hospi-
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talization risk can be reduced with higher dose ACE inhibition has not been tested. (Fig.
9)

Angiotensin- receptor antagonists (ARBs) have emerged as appropriate therapy in
ACE inhibitor intolerant patients and as adjunctive therapy for some patients already
receiving an ACE inhibitor [49]. However, no published data are available to either support
or refute their benefit in African Americans with heart failure. In the absence of prospec-
tively acquired data, ARB therapy should be prescribed when clinically indicated irrespec-
tive of race.

Beta Blocker Therapy. The greatest recent advance in medical therapy for heart
failure has been the addition of beta-blocker therapy to ACE inhibitors as preferred man-
agement for heart failure. Beta-blockers have been convincingly shown to prolong survival,
diminish hospitalizations, and improve symptoms in large-scale clinical trials. As with
ACE inhibitors, questions have been raised regarding the efficacy of beta-blockers in
African Americans.

The possibility of diminished efficacy was strongly suggested in the Beta-Blocker
Evaluation of Survival Trial [BEST]. Within the African-American group (n � 623),
bucindolol failed to demonstrate a survival advantage. Although a 17% survival benefit
was seen in non–African American patients, a 17% decrement in survival was observed
in the African-American group [15]. (Fig. 10) However, the disparate outcomes seen in
both African Americans and women in the BEST trial may be explained more by significant
differences in the drug than in specific racial or gender differences [16].

The experience with carvedilol has been quite different and strongly supports the
addition of beta-blockers to ACE inhibitors in the management of heart failure in African
Americans. The U.S. Heart Failure Trials Program randomized 1094 patients to one of
four concurrent trials according to disease severity [19]. Twenty per cent of the patients
were African American. Analysis of outcomes by race demonstrated a benefit attributable

Figure 9 Rates of hospitalization for heart failure among black patients and matched white
patients randomly assigned to enalapril or placebo treatment in the Studies of Left Ventricular
Dysfunction (SOLVD) trial. The rate of hospitalizations for heart failure among black patients
assigned to enalapril was significantly higher than that observed among matched white
patients assigned to enalapril treatment (p � 0.001 by Fisher’s exact test). (From Ref. 37.)
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Figure 10 Survival by treatment group for black and non-black patients who received
bucindolol or placebo therapy during the Beta-blocker Evaluation of Survival Trial. Bucindolol
treatment was associated with improved survival among non-black participants but a trend
toward worse survival among black participants in the trial. (From Ref. 15.)

to carvedilol plus ACE inhibitors of the same magnitude as that seen in non–African
Americans. Disease progression, identified as death, hospitalization due to heart failure
or intensification of medical therapy, was reduced by 54% in the African-American cohort
and by 51% in the non–African American group [50]. (Fig. 11)

To substantiate that these findings were not spurious, hemodynamic efficacy and
the effect on ventricular function data were evaluated. The improvement in left ventricular
ejection fraction was identical for both groups, �10 EF units. The impact on blood pressure
(�1.5 mmHg), and the effect on heart rate (� �13 bpm) were identical for both groups
[50]. Further support for the benefit of carvedilol can be found in the COPERNICUS
study [20]. In this mortality trial of advanced heart failure, the African-American cohort
was proportionately smaller than that enrolled in the U.S. Heart Failure Trials Program
(6% vs. 20%) but fared equally well compared to the non–African-American group. These
two trials taken show a striking similarity of outcomes in African Americans with heart
failure in all clinical classes when therapy consists of ACE inhibitors and carvedilol.

In the MERIT-HF trial, only 5% of the study population was African American. The
sample size and correspondingly the number of events were too small to reach statistical
significance but the direction of benefit was consistent with efficacy of beta-blocker ther-
apy [31].

Data from controlled clinical trials using other agents (i.e., omapatrilat, aldosterone
antagonists, nesiritide) have either been devoid of sufficient African Americans to justify
analysis or the results have been unavailable.

The ongoing A-HeFT trial represents the first effort to accumulate data in a prospec-
tive manner that will not only identify drug effect, if any, of isosorbide dinitrate and
hydralazine but also it should illuminate the natural history of heart failure within this
very important ‘‘subpopulation’’ [48]. It is imperative that more physiological and mecha-
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Figure 11 Kaplan-Meier analysis of cumulative rates of survival without hospitalization
among black patients (left panel) and among non-black patients (right panel). Within the
cohort of black patients, those randomly assigned to receive carvedilol had a 48% lower
risk of death from any cause or hospitalization for any reason than those assigned to receive
placebo (p � 0.01); among the non-black cohort, the risk reduction was 30% (p � 0.01).
There was no significant difference in the magnitude of the drug’s effect between the two
racial cohorts (p � 0.33). (From Ref. [50.)

nistic data be obtained in this group—especially within the realm of genetic predispositions
for disease. This may prove difficult as race as a physiological factor for disease is compro-
mised and confounded by the heterogeneity of the African Americans.

IMPORTANT COMORBIDITIES

Renal Disease

Renal disease, either chronic renal insufficiency (CRI) or end-stage renal disease (ESRD),
is strongly associated with both heart disease and heart failure. Available data demonstrate
that even mild degrees of renal insufficiency impart a worse prognosis and may influence
medical therapy for heart failure [51,52]. (Fig. 12) The concomitant presence of CRI,
defined as a serum creatinine greater than 1.4mg/dL in women and 1.5 mg/dL in men,
has been shown to be associated with an increased relative risk (RR � 1.43) of death
due to heart failure [51]. Within hospitalized patients, as many as 70% will develop
evidence of worsening renal function during treatment. An increase of only 0.1mg/dL
predicts a worse outcome with a high sensitivity but low specificity [53]. The sensitivity
and specificity are strengthened for in-hospital mortality and length of stay more than 10
days when the rise in serum creatinine approximates 0.3mg/dL (81% and 62%, respec-
tively). The specificity increases to nearly 90% when the rise in serum creatinine is above
1.5mg/dL. Twenty percent of hospitalized patients will develop an increase in serum
creatinine of 0.5mg/dL, thus, a sizeable number of heart failure admissions are at risk for
poor outcomes based on concomitant renal diseases [53].
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Figure 12 Relationship between baseline calculated glomerular filtration rate (CFRc) and
survival among 1196 patient with chronic heart failure. GFRc was estimated using the Cock-
roft Gault equation and corrected for gender. (From Ref 52a.)

In most clinical trials, patients with significant renal insufficiency were excluded;
thus, data on the benefits of ACE inhibitors, angiotensin-receptor antagonists, beta-block-
ers and especially aldosterone antagonists are not available for heart failure associated
with advanced renal insufficiency. However, data are available for the influence of ACE
inhibitors in the setting of mild renal dysfunction [54,55]. The use of ACE inhibitors is
associated with a rise in serum creatinine that is generally ascribed to a reduction in
intraglomerular pressures. Angiotensin II selectively vasoconstricts the efferent renal arte-
riole in the setting of heart failure. Removal of the influence of angiotensin II leads to a
decrease in intraglomerular pressure and a rise in serum creatinine that is further exacer-
bated by the use of diuretics. Thus, serum creatinine values may rise as much as 200%
in heart failure patients treated with ACE inhibitors [55,56]. This would seem to lead to
a worrisome limitation of the use of these agents in heart failure complicated by moderate
renal insufficiency. However, clinical trial data are much more encouraging. In the Evalua-
tion of Losartan in the Elderly (ELITE) study, either captopril or losartan was administered
to patients with a creatinine value up to 3.5 mg/dL. Only 2% of patients required discontin-
uation of therapy because of worsening of renal function [55,57]. Smaller trials in elderly
patients have demonstrated that for heart failure patients with a creatinine greater than
2.5mg/dL, the mortality reduction with ACE inhibitors was 66% compared with a 42%
reduction in those patients with a serum creatinine less than 2.5mg/dL [58]. Similarly,
heart failure outcomes that occurred in the post-MI setting and associated with a creatinine
of greater than 3 mg/dL were still benefited by the use of ACE inhibitors [59].

Chronic renal insufficiency does increase the risk of hyperkalemia by nearly five-
fold, but the concomitant use of diuretics reduces that risk substantially. ESRD, results
in a unique pathophysiological cardiovascular construct that accelerates adverse outcomes
and is uniquely associated with cardiovascular disease. The interrelatedness of cardiac and
renal disease emanates from similar etiological considerations, especially hypertension,
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diabetes, and atherosclerosis. Once severe renal disease has become established, the result-
ant anemia, fibrosis, and cardiomyopathy of overload become operative.

Anemia represents an independent predictor of adverse outcomes in heart failure
(Chapter 10). The Canadian cohort study of chronic renal disease demonstrated that for
every 0.5g/dL of hemoglobin decrease, the odds ratio for LVH was 1.32 or a 32% increase.
Each 10gm/dL decrease was associated with an odds ratio of LV dilation of 1.46 or 46%
[60]. It is not yet clear that correction of the anemia will result in improved outcomes,
but progressive LV dilatation may be prevented and quality of life appears to be improved
at a target hematocrit of 33% to 36% as reported in the national Kidney Foundation
Dialysis Outcomes Quality Initiative. Ongoing clinical trials in heart failure are specifically
addressing the impact of anemia and its correction.

The mechanisms of ventricular remodeling appear to be related to chronically in-
creased cardiac output and heart rate with concomitant neurohormonal activation. In the
setting of dialysis, 80% of patients will either have left ventricular hypertrophy or systolic
dysfunction [54]. Thirty-seven per cent will have had a previous episode of heart failure
and the rate of development of heart failure approximates 10%/year [54]. Hypertension
is an important contributor to LV dysfunction in dialysis patients. For each 10 mmHg
increment in blood pressure, there is a 48% higher risk of developing LVH [54]. A target
BP of 140/90 is recommended for the dialysis patient and 130/80 mm Hg for the nondialysis
dependent patient with chronic renal insufficiency [54].

In addition to the careful initiation of ACE inhibitors as therapy for heart failure,
other proven strategies should be considered. Angiotensin-receptor antagonists appear to
have a similar risk profile as ACE inhibitors and should be considered. A known history
of hyperkalemia, renal artery stenosis, or glomerular filtration rates significantly less than
30 ml/min represents major contraindications to therapy with ACE inhibitors or angioten-
sin-receptor antagonists. There is no reason to withhold beta-blocker therapy for heart
failure in either CRI or ESRD unless a usual contraindication to beta-blocker therapy
exists [60a]. Loop diuretics can be quite effective in CRI, albeit at higher doses but
aldosterone antagonists should be avoided. For the diuretic nonresponder, acute ultrafiltra-
tion may be an effective means to rapidly reduce blood volume. Digoxin can be safely
given but dosing will likely need to be on alternate days and levels should be followed
carefully. For the patient being dialyzed, care should be taken to avoid low potassium
dialysate, as this will predispose to arrhythmias. Long-acting nitrates and hydralazine
would be a reasonable alternative treatment choice but the true impact of these agents on
mortality is at best modest and more effective therapies should be considered as initial
therapy.

Pulmonary Disease

The concomitant presence of pulmonary disease represents an important comorbidity in
heart failure. Pulmonary disease impacts both the diagnosis and therapy of heart failure.
The presenting complaint of dyspnea is just as likely for obstructive or reactive airway
disease as it is for heart failure. The emerging utility of B-type natriuretic peptide as a
marker of left ventricular stress/stretch helps to reconcile the origin of dyspnea as either
cardiac or pulmonary [61].

Pulmonary function is often abnormal in the setting of heart failure, perhaps as many
as 60% of patients with heart failure will have abnormal pulmonary function studies. In
the acute setting of decompensated heart failure, obstructive pulmonary defects can be
seen but these clear rapidly with effective therapy of heart failure. Chronic obstructive
defects are uncommon in heart failure alone [62,63].
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Pulmonary function testing typically reveals a restrictive defect and reduced transfer
of carbon monoxide (DLCO). This restrictive defect is typically multifactorial in etiology.
Respiratory muscles work less efficiently, lung volumes are smaller due to cardiomegaly,
lung compliance is altered due to chronic pulmonary edema, chronic pleural effusions
may be present, and alveolar fluid may be present [62]. Patients with heart failure who
have heart failure and an FEV1 less than 60% fare less well with a more advanced NYHA
classification and poorer gas exchange on cardiopulmonary stress testing [64]. Even fol-
lowing heart transplantation, pulmonary function tests may not normalize and the DLCO
may remain impaired.

The limitation of beta-blocker use in concomitant pulmonary disease refers only to
reactive airway disease. Obstructive pulmonary disease does not appear to be affected by
the administration of these agents. No good benchmarks are available, but significant
reversibility of the FEV1 with bronchodilators of at least 15% appears to be a contraindica-
tion to beta-blocker therapy. Status asthmaticus has been described and can be life threat-
ening.

Thyroid Disease

The concomitant presence of thyroid disease and/or disorders in heart failure is quite
important. Thyroid hormone has a substantial impact on cardiac function. The changes
are both hemodynamic and structural [65]. Cardiac myocytes take up T3, not T4. T3
receptor proteins regulate the cellular effects of T3. These receptor proteins are bound to the
promoter region of T3 responsive genes. The alpha myosin heavy chain gene, sarcoplasmic
reticulum Ca2� adenosine triphosphate, and voltage-gated potassium channels genes are
all upregulated by thyroid hormone while beta myosin heavy chain, and phospholamban
are downregulated by thyroid hormone. Excess thyroid hormone results in an increase in
the positively influenced genes and their subsequent protein expression and deficient thy-
roid hormone leads to an increase in the negatively regulated genes and their protein
expression [66]. Even subclinical hypothyroidism has demonstrable systolic and diastolic
dysfunction present along with increased systemic vascular resistance [65].

Hyperthyroidism occurs much less frequently in association with heart failure. It
typically leads to high-output heart failure seemingly through a direct toxic effect on the
myocardium, both chronotropic and inotropic and can likewise lead to a dilated cardiomy-
opathy. Correction of the hyperthyroid state leads to resolution of the cardiac findings.

Clinical issues regarding thyroid disease in heart failure are frequently amplified in
the setting of amiodarone use. Amiodarone affects the conversion of triiodothyronine to
tetraiodothyronine and can cause the full gamut of thyroid disorders. The more common
situation is amiodarone-induced hypothyroidism due to the decrease in available T4. Thy-
roid hormone supplementation is frequently all that is required to correct this syndrome.
Acute thyroiditis as well as an autoimmune thyroiditis can occur during amiodarone ther-
apy resulting in clinical hyperthyroidism. Reduction and/or cessation of amiodarone ther-
apy is often required and, occasionally, thyroidectomy may be indicated if the indication
for amiodarone is indeed life threatening [67].

The clinical condition of ‘the low triiodothyronine state’’ or the ‘‘low T3 syndrome’’
should be recognized in heart failure patients [68]. A survey of thyroid function testing
in heart failure patients reveals that fewer than 10% will have true hypothyroidism, i.e.,
an increased TSH. But 30% or more will have a low T3 and normal T4 and TSH levels.
This low T3 state correlates with the severity of heart failure and may be prognostically
important [68]. Whether or not these patients would benefit from T3 replacement is not
yet known. Small studies have suggested an improvement in exercise tolerance [69] and
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cardiac output, but the risk of increased myocardial oxygen consumption, especially in
the setting of ischemic heart disease remains a concern. Because of the significant influence
of thyroid hormone on cardiac structure and function, the assessment of thyroid function
should be an obligatory component of any evaluation for heart failure.
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SYNOPSIS

Underutilization of pharmacologic and diagnostic interventions that have been shown to
improve patient outcomes remains evident for chronic heart failure (HF) management.
Practice guidelines define therapeutic interventions that are viewed as most important,
whereas care plans help ensure that these interventions are delivered to all appropriate
patients. The extensive, peer-reviewed ACC/AHA (American College of Cardiology/
American Heart Association) heart failure guidelines are reviewed in detail. Critical path-
ways for hospitalized heart failure patients can also improve overall quality of care and
often shorten hospital length of stay. Disease-management programs for ambulatory heart
failure treatment have been shown to improve quality of life and decrease hospitalizations
for recurrent heart failure in virtually all controlled and observational studies. Strategies
to improve quality of care should include continuous quality improvement (CQI) measures
to ensure prompt adoption of published guidelines in the clinical care of heart failure
patients.

The growing interest in practice guidelines for heart failure has been encouraged
by three trends that have accompanied improvement in the effectiveness of therapies
detailed throughout this book. First, research has provided increasing sophistication in the
measurement of quality of care of heart failure. Second, heart failure is one of the few
syndromes in which better care not only improves patient outcomes, but also reduces
costs. Third, the rise of consumerism has intensified interest in quality of care, particularly
for chronic conditions affecting the aging baby boomer generation and their parents.

As increasing amounts of data on the quality of care become available, and often
are made public, underutilization of interventions known to improve patient outcomes has
become apparent. The Joint Commission on Accreditation of Healthcare Organizations
(JCAHO) is collecting and disseminating publicly data on the quality of care for patients
with heart failure on a hospital-specific basis. Pilot data from a large sample of hospitals
show that about 14% of patients with heart failure and left ventricular dysfunction did not
receive ACE inhibitors at discharge, despite the absence of contraindications. This initia-
tive has also found that 61% of hospitalized smokers with heart failure did not receive
counseling on smoking cessation; 21% of patients did not receive an evaluation of left
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Figure 1 Model for the integration of quality into the therapeutic development cycle. (From
Ref. 1.)

ventricular function; and 72% did not receive adequate discharge instructions (http://
www.jcaho.org/pms/core�measures/hf_overview.htm; accessed on August 15, 2003).

The result of this convergence of trends and the availability of such data have led
to a fundamental change in attitudes of clinicians toward practice guidelines for heart
failure, and widespread adoption of tactics for their implementation, such as disease man-
agement programs. This acceptance has not come easily, as physicians often view practice
guidelines as a threat to professional autonomy. Nevertheless, the fear that ‘‘cookbook
medicine’’ might erode quality of care has been tempered by convincing evidence that
care for patients with heart failure is characterized by frequent gaps in quality. Instead,
the development of guidelines and quality measures, the implementation of interventions
aimed at improving quality, and the measurement of their impact are now recognized as
critical contributors to medical progress (Fig. 1) [1].

This chapter will, therefore, be divided into four sections. The first will provide a
general discussion of practice guidelines and quality of care, with a focus on how they
are relevant to congestive heart failure. The second will summarize the key recommenda-
tions of the leading set of practice guidelines for heart failure. The third will describe
tactics for implementation of these guidelines, with a particular focus on team management.
The final section will summarize recommendations for measurement of quality of care in
heart failure for the purpose of improvement.

PRACTICE GUIDELINES AND QUALITY OF CARE

A variety of terms related to practice guidelines and quality of care are often used inter-
changeably, but their distinctions are useful and reflect perspectives of quality of care that
vary among the key parties in health care [2]. A simple framework for quality that reflects
these varying perspectives describes three basic types of errors–under-use, over-use, and
mis-use. Underuse is the failure to provide a medical intervention when it is likely to
produce a favorable outcome for a patient, such as failing to use an ACE inhibitor for a
patient with known left ventricular dysfunction. Overuse occurs when the benefits of an
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intervention do not justify the potential harm or costs, such as use of a brand-named drug
when an equally effective lower-cost generic is available. Misuse occurs when a prevent-
able complication eliminates the benefit from a health care intervention. An example is
initiation of a beta-blocker in a patient with decompensated heart failure leading to admis-
sion to hospital.

Physicians have traditionally been most interested in ‘‘underuse’’–that is, the relia-
bility with which patients receive interventions that evidence indicates will improve patient
outcomes. Accordingly, ‘‘practice guidelines’’ (Table 1) define which interventions are
most important [3], and ‘‘care plans’’ help ensure that these interventions are delivered
to all patients, unless the patient has contraindications. These care plans are often in the
form of checklists that describe all the interventions that should be considered for a patient
with heart failure on the inpatient or outpatient basis. Such plans can reduce the chances
of gaps in quality for patients with heart failure, including those subsets that are less likely
to receive optimal care routinely, such as women, minorities, or the elderly [4].

‘‘Critical pathways’’ are usually used for hospitalized patients, and are in a sense
an adaptation of care plans. Like care plans, they seek to ensure that key elements of care are

Table 1 Key Terms

Term Definition Example Goal

Source: Adapted from Ref. 1.

Defining optimal care.

Reduce errors of
underuse; improve
the reliability of
care.

Reduce errors of
underuse and
overuse; improve
efficiency as well
as reliability of care

Reduce errors of over-
use, under-use, and
mis-use; improve
overall coordination
of care

Clinical practice
guideline

Care plan

Critical pathway

Disease-
management
program

A guideline developed to
aid practitioner and
patient pursuit of the
most appropriate health
care responses to
specific clinical
circumstances

A clinical practice
guideline detailing the
usual sequence of
decisions and nature
and duration of services
for a defined episode of
care

The core set of decisions
and services described
in an appropriate
sequence and schedule
most likely to effect an
efficient, coordinated
program of treatment

Systems aimed at
following patients with
a chronic condition over
time to ensure that they
receive interventions
supported by clinical
research

ACC/AHA guidelines
for evaluation and
management of
chronic heart failure
(2)

Care plan for outpatient
evaluation and
management of heart
failure

Description of the
critical features of
the care experience
essential to most
efficiently manage
the usual patient
admitted to hospital
with congestive
heart failure

Multidisciplinary team
to follow patients
with heart failure on
outpatient basis (3)
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reliably delivered, e.g., assessment of left ventricular function during the hospitalization.
However, critical pathways often differ from care plans by attempting to improve effi-
ciency. They introduce the element of timing of key actions, with the goal of avoiding
unnecessary prolongations of hospital stay or of reducing the chances of readmission [5].
In addition, critical pathways try to focus attention on a small number of essential steps
that are most likely to affect the effectiveness and efficiency of care. Thus, a care plan
may be a detailed summary of all routine interventions, whereas a true critical pathway
might be distilled down to a few lines on a 3�5 card.

‘‘Disease-management programs’’ go one step further by trying to improve overall
coordination of the care of patients with heart failure. Most (but not all) heart failure
disease-management programs use nonphysicians who have frequent contact with patients
to check on their clinical status and ensure that key interventions are being delivered [6].
These nonphysicians use protocols so that they do not necessarily have to check with
physicians before recommending changes in medication regimens and arranging key tests.
Some disease-management programs use computer programs and home monitoring devices
to reduce or even eliminate the need for nonphysician clinicians to be in contact with
patients.

HEART FAILURE PRACTICE GUIDELINE CONTENT

Many organizations develop practice guidelines in cardiovascular medicine, including
individual hospitals and groups of providers. Among the most respected and widely cited
guidelines are those developed by the joint task force of the American College of Cardiol-
ogy and American Heart Association. The authors of these guidelines include leading
authorities in their respective fields, and the guidelines themselves are updated regularly
and made available on the Internet (www.americanheart.org).

ACC/AHA guidelines all use a common format, in which indications for various
interventions are placed in one of three classes:

Class I: Conditions for which there is evidence and/or general agreement that a
given procedure/therapy is useful and effective.

Class II: Conditions for which there is conflicting evidence and/or a divergence of
opinion about the usefulness/efficacy of performing the procedure/therapy.

Class IIa: Weight of evidence/opinion is in favor of usefulness/efficacy.
Class IIb: Usefulness/efficacy is less well established by evidence/opinion.
Class III: Conditions for which there is evidence and/or general agreement that a

procedure/therapy is not useful/effective and in some cases may be harmful.

More recent ACC/AHA guidelines also assess the level of evidence that supports the
recommendations. Level A means that the data were derived from multiple randomized
clinical trials; level B means the data were derived from a single randomized trial or
nonrandomized studies; and level C means that the consensus opinion of experts was the
primary source of the recommendation.

Evaluation of Patients

A major innovation of the most recent ACC/AHA guidelines is the introduction of a new
system of classification of patients that emphasizes the evolution and risks of progression
of heart failure (Fig. 2). Stage A patients are at high risk of developing heart failure due
to conditions such as systemic hypertension, coronary artery disease, or diabetes mellitus,
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but have no identified structural or functional cardiac abnormalities and have never shown
signs or symptoms of HF. Stage B patients have developed structural heart disease that
is strongly associated with heart failure, but have never shown signs or symptoms of this
condition. Stage C patients have current or prior symptoms of heart failure associated with
underlying structural heart disease. Stage D patients have advanced structural heart disease
and marked symptoms of heart failure at rest.

This new classification system is most important for highlighting patients in stages
A and B, who are at increased risk for heart failure but have not yet met criteria for
diagnosis of this condition. By including these patients in the guidelines, the ACC/AHA
task force emphasizes the importance of preventing heart failure, and the evidence support-
ing interventions to improve prognosis for patients who are at risk for this syndrome.
Thus, the guidelines have effectively increased their scope , and now address issues such
as use of ACE inhibitors for patients who have survived acute myocardial infarction.

The traditional New York Heart Association classification system has not been
replaced, and continues to be used to stratify patients with known heart failure, i.e., those
patients within stages C and D. The authors of the ACC/AHA guidelines recognized
that functional classification systems are subjective, and that treatment paradigms are not
strongly influenced by these clinical assessments. The new staging system is expected to
have a more direct relationship to specific treatment strategies.

In the initial evaluation of patients with potential or known heart failure, the ACC/
AHA guidelines note the importance of a complete history and physical examination, with
particular emphasis on the value of assessment of patients’ functional status (Table 2). The
class I indications also include recommendations for baseline laboratory testing, including
noninvasive assessment of left ventricular function. Cardiac catheterization is routinely
recommended for patients with angina who would be candidates for revascularization,
reflecting evidence for survival benefit for patients who undergo coronary artery bypass
graft surgery for three vessel coronary disease and left ventricular dysfunction.

These guidelines offer some support for coronary angiography (class IIa indications)
for patients with heart failure and suspected (but not definite) coronary artery disease.
They do not routinely recommend maximal exercise testing with respiratory gas exchange,

Table 2 ACC/AHA Class I Recommendations for Evaluation of Patients with Heart Failure

Recommendation Level of Evidence

C

C

C
C

C
C
C

B

1. Thorough history and physical examination to identify cardiac and
noncardiac disorders that might lead to the development of HF or
accelerate the progression of HF.

2. Initial and ongoing assessment of a patient’s ability to perform routine and
desired activities of daily living.

3. Initial and ongoing assessment of volume status.
4. Initial measurement of complete blood count, urinalysis, serum electrolytes

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

5. Serial monitoring of serum electrolytes and renal function.
6. Initial 12-lead electrocardiogram and chest radiograph.
7. Initial 2-dimensional echocardiography with Doppler or radionuclide

ventriculography to assess left ventricular systolic function.
8. Cardiac catheterization with coronary arteriography in patients with angina

who are candidates for revascularization.
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but do support this assessment (class IIa) when it is uncertain whether heart failure is the
cause of patients’ exercise limitation or when patients are candidates for advanced treat-
ments, such as heart transplantation.

The ACC/AHA task force discouraged routine use of several tests (class IIb or III
indications), including endomyocardial biopsy, measurement of respiratory gas exchange
to guide prescription of an appropriate exercise program, or routine Holter monitoring or
signal-averaged electrocardiography.

Therapy

The broad themes of treatment recommended by the ACC/AHA guidelines are summarized
in Figure 2. As risk for heart failure and its complications increase, the focus of the
recommendations broadens from prevention to treatment with therapies proven to improve
survival and/or symptomatic status. As severity of illness increases, preventive recommen-
dations are not dropped; treatment recommendations are added. The level of evidence to
support the recommended therapeutic interventions for patients increases as the severity
of illness of patients increases (Tables 3 through 6). The availability of evidence to support
these recommendations reflects the large number of randomized trials performed for treat-
ment of advanced heart failure in the last two decades.

The preventive strategies for patients with stages A and B heart failure are not solely
the focus of cardiovascular specialists. These strategies are also the responsibilities of
primary-care physicians and other clinical personnel caring for these patients, and the
patients themselves. The strategies include treatment of risk factors for progression of left
ventricular dysfunction through medications and modifications of life style. This broadened
approach to ‘‘disease management’’ is becoming increasingly widespread, as health care
organizations recognize that they cannot mitigate the impact of heart failure through excel-
lent care of patients with severe disease alone. Efforts must be made to decrease the
incidence of the condition as well.

For patients with a high risk for developing left ventricular dysfunction (stage A),
the guidelines emphasize preventive interventions such as control of blood pressure, lipid
disorders, and life-style patterns that may contribute to development of cardiomyopathy
or ischemic heart disease (Table 3). A low threshold is advocated for recommending

Table 3 ACC/AHA Class I Recommendations for Patients at High Risk of Developing Heart
Failure (Stage A)

Recommendation Level of Evidence

A

B
C

B

B

C
C

1. Control of systolic and diastolic hypertension in accordance with
recommended guidelines.

2. Treatment of lipid disorders, in accordance with recommended guidelines.
3. Avoidance of patient behaviors that may increase the risk of HF (e.g.,

smoking, alcohol consumption, and illicit drug use).
4. ACE inhibition in patients with a history of atherosclerotic vascular

disease, diabetes mellitus, or hypertension and associated cardiovascular
risk factors.

5. Control of ventricular rate in patients with supraventricular
tachyarrhythmias.

6. Treatment of thyroid disorders.
7. Periodic evaluation for signs and symptoms of HF.
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Table 4 ACC/AHA Class I Recommendations for Patients with Asymptomatic Left Ventricular
Systolic Dysfunction (Stage B)

Recommendation Level of Evidence

A

B

A

B

B

C

1. ACE inhibition in patients with a recent or remote history of myocardial
infarction regardless of ejection fraction.

2. ACE inhibition in patients with a reduced ejection fraction, whether or not
they have experienced a myocardial infarction.

3. Beta-blockade in patients with a recent myocardial infarction regardless of
ejection fraction.

4. Beta-blockade in patients with a reduced ejection fraction, whether or not
they have experienced a myocardial infarction.

5. Valve replacement or repair for patients with hemodynamically significant
valvular stenosis or regurgitation.

6. Regular evaluation for signs and symptoms of HF.
7. Measures listed as Class I recommendations for patients in stage A.

(See Table 3)

Table 5 ACC/AHA Class I Recommendations for Treatment of Symptomatic Left Ventricular
Systolic Dysfunction (Stage C)

Recommendation Level of Evidence

A
A
A

A
B

1. Diuretics in patients who have evidence of fluid retention.
2. ACE inhibition in all patients, unless contraindicated.
3. Beta-adrenergic blockade in all stable patients, unless contraindicated.

Patients should have no or minimal evidence of fluid retention and should
not have required treatment recently with an intravenous positive inotropic
agent.

4. Digitalis for the treatment of symptoms of HF, unless contraindicated.
5. Withdrawal of drugs known to adversely affect the clinical status of

patients (e.g., nonsteroidal antiinflammatory drugs, most antiarrhythmic
drugs, and most calcium channel blocking drugs).

6. Measures listed as Class I recommendations for patients in stages A and B.

Table 6 ACC/AHA Class I Recommendations for Patients with Refractory End-Stage Heart
Failure (Stage D)

Recommendation Level of Evidence

B
B
A

1. Meticulous identification and control of fluid retention.
2. Referral for cardiac transplantation in eligible patients.
3. Referral to an HF program with expertise in the management of refractory

heart failure.
4. Measures listed as class I recommendations for patients in stages A, B,

and C.
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angiotensin-converting enzyme (ACE) inhibitors. The guidelines do not recommend rou-
tine use of nutritional supplements to prevent development of structural heart disease, or
routine testing of left ventricular function for patients without signs or symptoms of heart
failure or structural heart disease.

For patients with asymptomatic left ventricular dysfunction (stage B), the guidelines
provide strong support for use of ACE inhibition in all patients with reduced ejection
fractions and in all patients with histories of myocardial infarction. Similar support is
offered for use of beta blockade (Table 4). The guidelines recommend consideration of
valve replacement or repair for patients with hemodynamically significant valve abnormali-
ties that may lead to permanent left ventricular dysfunction. They do not support use of
long-term vasodilator therapy for patients with severe aortic regurgitation (class IIb). The
ACC/AHA guidelines also discourage use of digoxin for asymptomatic patients who are
in sinus rhythm (class III indication).

For patients with symptomatic left ventricular dysfunction (stage C), the ACC/AHA
guidelines provide strong support for use of ACE inhibition and beta-adrenergic blockade
in the absence of contraindications (Table 5). Diuretics are recommended for patients with
fluid retention, and digitalis is endorsed for patients with symptoms of heart failure. The
guidelines also support careful review of patients’ other medications, and withdrawal of
drugs known to adversely affect patients’ clinical status, such as nonsteroidal antiinflamma-
tory drugs.

The ACC/AHA task force thought there was encouraging evidence for use of spiro-
nolactone (class IIa indication) for patients with recent or current class IV symptoms,
preserved renal function, and a normal potassium concentration. These guidelines also
provided support for consideration of angiotensin-receptor blockade (ARB) in patients
who are being treated with digitalis, diuretics, and a beta-blocker and who cannot be given
an ACE inhibitor because of cough or angioedema. The Valsartan Heart Failure Trial,
which showed adverse effects from addition of this angiotensin-receptor blocker to patients
already receiving an ACE inhibitor and a beta-blocker in a post-hoc analysis, was published
during the same month as these guidelines [7], and is not directly reflected in the recom-
mendations; however, the findings of this trial do not directly change any of the guidelines.
Subsequent trials have not demonstrated an adverse effect of combination therapy with
an ACE-inhibitor beta-blockade and ARB on outcome.

The guidelines directly discourage routine use of nutritional supplements, such as
coenzyme Q10, carnitine, taurine, and antioxidants, or hormonal therapies, such as growth
hormone for heart failure, calling them class III indications. They also did not find evidence
to support use of intermittent infusions of positive inotropic drugs or calcium channel
blocking drugs.

For patients with refractory end-stage heart failure (stage D), the guidelines support
referral of patients to a heart failure program with expertise in management of patients
with refractory disease (Table 6). They do not support partial left ventriculectomy or
routine use of infusions of positive inotropic agents.

Patients Without Left Ventricular Dysfunction

Although as many as 40% of patients with heart failure do not have left ventricular systolic
dysfunction, the absence of clinical trials defining the efficacy of therapeutic interventions
compromises the ability of guidelines to address this patient population. Studies of the
use of beta-blockers, ACE inhibitors, other vasodilators, calcium blockers, and diuretics
have generally been small, and not designed to demonstrate impact on mortality. These
medications are nevertheless often used for patients with heart failure without systolic
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dysfunction because of the presence of comorbid conditions, such as hypertension and
diabetes.

In the absence of controlled clinical trials, the guidelines endorse principles of treat-
ment aimed at mitigating factors expected to exert important effects on left ventricular
relaxation, including blood pressure, heart rate, blood volume, and myocardial ischemia,
The guidelines strongly support control of systolic and diastolic hypertension for patients
with heart failure and preserved left ventricular systolic function; and also recommend
control of ventricular rate in patients with atrial fibrillation and use of diuretics to control
pulmonary congestion. The ACC/AHA task force found only weak evidence to support
use of beta-adrenergic blocking agents, ACE inhibitors, angiotensin-receptor blockers, or
calcium antagonists in patients with controlled hypertension to minimize symptoms of
heart failure (class IIb indications).

Other Special Populations

The ACC/AHA guidelines make a variety of recommendations that remind clinicians to
provide evidence-based care for other conditions in patients with heart failure (Table 7).
They emphasize the importance of good control of hypertension and use of nitrates and
beta-blockers in conjunction with diuretics for patients with angina and heart failure.
Anticoagulants are recommended for patients with atrial fibrillation, but not for heart
failure without atrial fibrillation. Coronary revascularization is recommended for patients
with both heart failure and angina, but not for patients with heart failure and coronary
disease who do not have angina (class IIb indication).

End of Life Care

The importance of beginning end-of-life planning before patients become too ill to partici-
pate in decisions is also noted in these guidelines (Table 7). The guidelines recommend
initiation of education of the patient and family regarding the expected course of illness,
final treatment options, and end-of-life planning before the patient becomes too ill to
participate in decisions. Discussions regarding treatment preferences should address likely
scenarios, such as cardiac arrest, catastrophic events, such as a severe cerebrovascular
accident, and marked exacerbations of heart failure. The guidelines recommend making
a clear distinction between short-term interventions aimed at achieving a rapid recovery
vs. prolonged life support without reasonable expectation of return to good functional
capacity.

The guidelines note that hospice services have been extended to heart failure patients
relatively recently in most regions, and they support the hospice concept for this population.
Hospice care is aimed at relieving symptoms, and the guidelines support compassionate
care that is directed at symptoms, such as breathlessness, even if it may in some cases
actually shorten survival. The guidelines oppose use of a cardioverter-defibrillator in pa-
tients with class IV symptoms of heart failure who are not expected to improve.

Exercise

Although much of the focus of the ACC/AHA and other guidelines tends to be on use of
medications, nonpharmacologic interventions are an important part of care of patients with
heart failure. The American Heart Association released a Scientific Statement in 2003 [8]
that summarizes research on risks and benefits of exercise training for patients with heart
failure, and concludes that exercise training appears effective for improving exercise capac-
ity and quality of life. The Scientific Statement specifically urges insurers to support
exercise training programs for heart failure as described in these guidelines.
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Table 7 ACC/AHA Class I Recommendations for Special Populations, Patients with Diastolic
Dysfunction, and End-of-Life Care

Population or Level of
Concomitant Condition Recommendation Evidence

A

B

A

A

A

A

A

C

C

C

C

C

C

Hypertension

Angina

Atrial fibrillation

Ventricular arrhythmia

Preserved left ventricular
function

End-of-life care

1. Control of systolic and diastolic hypertension in
patients with heart failure in accordance with
recommended guidelines.

1. Nitrates and beta-blockers (in conjunction with
diuretics) for the treatment of angina in patients with
heart failure.

2. Coronary revascularization in patients who have both
HF and angina.

1. Anticoagulants in patients with HF who have
paroxysmal or chronic atrial fibrillation or a previous
thromboembolic event.

2. Control of the ventricular response in patients with
HF and atrial fibrillation with a beta-blocker (or
amiodarone, if the beta-blocker is contraindicated or
not tolerated).

1. Implantable cardioverter-defibrillator (alone or in
combination with amiodarone) in patients with heart
failure who have a history of sudden death,
ventricular fibrillation, or hemodynamically
destabilizing ventricular tachycardia.

1. Control of systolic and diastolic hypertension, in
accordance with published guidelines.

2. Control of ventricular rate in patients with atrial
fibrillation.

3. Diuretics to control pulmonary congestion and
peripheral edema.

1. Ongoing patient and family education regarding
prognosis for function and survival.

2. Patient and family education about options for
formulating and implementing advance directives.

3. Continuity of medical care between inpatient and
outpatient settings.

4. Components of hospice care that are appropriate to
the relief of suffering.

The recommendations describe a standard approach to assessment of patients’ func-
tional capacity, including lower targets for intensity of exercise in very debilitated patients
or those who are not accustomed to aerobic activity (e.g., 60% or 65% of peak oxygen
consumption, vs. the more frequently used range of 70% to 80%). Duration of exercise
should include an adequate warm-up period, such as 10 to 15 minutes. The most frequently
recommended exercise duration is 20 to 30 minutes, followed by a cool-down period.
Most studies have used 3 to 5 times per week as the optimal training frequency.

The AHA statement recommends that exercise be performed in a setting with direct
monitoring and supervision, including telemetry monitoring, especially during the initial
training session. These recommendations echo those of the American Association for
Cardiovascular and Pulmonary Rehabilitation [9]. Home training can follow a period of
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initial supervision, but continued monitoring of patients with exercise-induced arrhythmias
and more advanced forms of heart failure is considered ‘‘prudent.’’ Although the duration
of exercise training is not well studied, the Scientific Statement recommends that patients
with heart failure remain active either in a formal exercise program or one at home indefi-
nitely.

The Scientific Statement notes the lack of definitive data on the safety and efficacy
of resistive training, but supports use of resistive training to strengthen individual muscle
groups using small free weights (1, 2, or 5 lb), elastic bands, or repetitive isolated muscle
training. This recommendation is based upon research indicating functional benefits in
small numbers of patients, but the Scientific Statement explicitly notes need for studies
in larger trials.

The Scientific Statement encourages candidates for heart transplantation to partici-
pate in exercise training with both aerobic training and resistive exercise before and after
transplantation, and even while using left ventricular assist devices. These recommenda-
tions echo those of the Agency for Health Care Policy and Research Guidelines on Cardiac
Rehabilitation [10].

Drugs and Devices Under Investigation

The guidelines explicitly note that there are numerous drug and device interventions for
heart failure that are under active investigation, but data were not sufficiently conclusive
at the time the guidelines were written to allow development of consensus on their roles.
These interventions, including pharmacologic innovations such as vasopeptidase inhibi-
tors, cytokine antagonists, endothelin antagonists, synchronized biventricular pacing, ex-
ternal counterpulsation, and techniques for respiratory support, such as nocturnal oxygen
and continuous positive airway pressure. Before any of these interventions can achieve a
class I indication reflecting strong support from the ACC/AHA guidelines, definitive clini-
cal trials must be performed. Since the guidelines were written, studies have been published
on some of these interventions, particularly synchronized biventricular pacing. For this
reason, modifications of ACC/AHA and other guidelines are planned every few years.

GUIDELINE IMPLEMENTATION

The achievement of consensus on what should be done in the care of any patient population
is only one step in the process of improvement of care. The next challenge is to develop
systems that make these interventions occur with reliability. The limited impact of informa-
tion alone was demonstrated in one trial in which simple dissemination of guidelines
followed by written and verbal reminders failed to change treatment of heart failure in an
intensive care unit setting [11]. Consensus has emerged that implementation of guidelines
requires a multidimensional approach, including education and coordination of efforts
among physicians, other clinical personnel, and patients themselves [3].

The organization of such efforts is usually led by physicians because of their special
leadership role in health care, but success does not always come easily. Physicians are
trained to meet the acute needs of individual patients before them; when faced with the
responsibility for improving the care over time of populations of patients with heart failure
and other chronic conditions, physician leaders are often forced to recognize that they
may not have the tools and expertise to succeed. The American College of Cardiology
and other organizations are attempting to develop and disseminate tools that use continuous
quality improvement (CQI) [12]. CQI uses principles adapted from industrial manufactur-
ers to improve quality through repetitive cycles of process and outcomes measurement,
implementation of interventions to improve care, followed by remeasurement to assess
the impact of interventions [13].
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The simplest application of CQI is the use of critical pathways for hospitalized
patients. These pathways are standardized protocols that define key steps in the care of
common syndromes. Whether critical pathways actually improve efficiency and quality
is unclear, as some data suggest that improvement associated with them may result simply
from focusing physicians’ and nurses’ attention on the patient population, not from the
protocols themselves [14]. Thus, the most important step in pathway implementation may
be multidisciplinary team development, not the pathway itself.

Team-based care has proved especially beneficial in the care of patients with heart
failure. Multidisciplinary teams that combine physicians, nurses, and other personnel in
following patients with heart failure over time have been shown to improve patient survival
and quality of life, while reducing costs of care [6]. Many hospitals and other organizations
report success in reducing hospitalizations through their heart failure disease-management
programs, but more rigorous assessments suggest that outcomes vary according to the
program design. A systematic review pooled publish data from a total of 11 trials involving
2067 patients with heart failure, and found that disease-management programs were cost
saving in seven of the eight trials that reported cost data and also improved prescribing
practices [15]. Programs that used multidisciplinary teams and specialized follow-up led
to a substantial reduction in the risk of hospitalization (RR � 0.77, 95% CI 0.68 to 0.86,
N � 1366). In contrast, trials using telephone contact with improved coordination of
primary care services failed to find any benefit (RR � 1.15, 95% CI 0.96 to 1.37, N �
646). Thus, the model used by many payer ‘‘carve out’’ companies seems less guaranteed
of success than the model used by health-care provider organizations. Examples of the
impact of key trials of multidisciplinary heart failure programs are summarized in Table
8 [6,16–24].

Table 8 Major Randomized Trials of Multidisciplinary Heart Failure Management

No. of
Author/Year patients Findings

Source: Adapted from Ref. 16.

Nurse-directed multidisciplinary team reduced admissions
27% over 90-day follow-up period for patients �70
years with mean NYHA class 2 heart failure

Nurse-directed medication discharge planning reduced
readmissions by 73% over 1 month of follow-up

Exercise, cognitive therapy, and stress management led to
improvement in exercise tolerance and quality of life,
and enhanced weight loss over 12-week period

Nurse-directed multidisciplinary team led to 44% fewer
admissions and lower costs with improved quality of
life for patients with average age of 79 years during 90-
day follow-up period; benefits persisted up to 1 year.

Home-based nurse-pharmacist team led to 42% fewer
admissions and lower hospital costs for patients with
mean age of 75 years over 6-month follow-up period.

Educational mailings and compliance aids led to 52%
fewer admissions and improved health status for
patients with mean age of 71 years over 6-month
follow-up period.

Rich, et al., 1993 (17)

Schneider, et al., 1993 (18)

Kostis, et al., 1994 (19)

Rich, et al., 1995 (6)

Stewart, et al., 1998 (20)

Serxner, et al., 1998 (21)

98

54

20

282

97

109
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Table 9 ACC/AHA Recommendations for Implementation of Heart Failure Practice Guidelines

Strength of
Recommendation Recommendation

Source: From Ref. 3.

1. Multifactorial interventions that attack different barriers to behavioral
change. (Level of Evidence: A)

2. Multidisciplinary disease-management programs for patients at high
risk for hospital admission or clinical deterioration. (Level of
Evidence: B)

3. Academic detailing or educational outreach visits. (Level of
Evidence: A)

1. Chart audit and feedback of results. (Level of Evidence: A)
2. Reminder systems. (Level of Evidence: A)
3. Local opinion leaders. (Level of Evidence: A)
Multidisciplinary disease-management programs for patients at low risk

for hospital admission or clinical deterioration. (Level of Evidence: B)
1. Dissemination of guidelines without more intensive behavioral

change efforts. (Level of Evidence: A)
2. Basic provider education alone. (Level of Evidence: A)

Strongest (class I)

Encouraging (class IIa)

Modest (class IIb)

Weak (class III)

The ACC/AHA guidelines [3] also make recommendations supporting the use of
multidisciplinary disease-management programs for patients at high risk for hospital ad-
mission or clinical deterioration, as well as multifactorial educational efforts for patients
and physicians (Table 9). These recommendations reflect pessimism for the impact of
educational effort alone, and the greater impact expected from multidisciplinary interven-
tions aimed at higher-risk patients.

An AHA Scientific Statement on Team Management of Patients with Heart Failure
provides a detailed description for the elements required for successful heart failure pro-
grams [25]. These recommendations encourage a structured patient assessment, including
evaluation of psychosocial issues that can influence patient compliance with the manage-
ment plan and their overall quality of life. Nonphysician personnel are particularly impor-
tant in this approach for education and counseling of patients, and follow-up to ensure that
patients are following recommendations and are clinically stable. Other key components of
management include increased access to health-care professionals for problems by tele-
phone or ‘‘walk-in’’ appointment, early attention to signs and symptoms of fluid overload,
and attention to behavioral strategies to increase compliance.

MEASUREMENT OF QUALITY FOR THE PURPOSE OF
IMPROVEMENT

A final element needed for programs to reliably improve care for patients with heart failure
is a ‘‘feedback’’ system whereby quality is measured and improved. This issue was the
focus of an ACC/AHA scientific forum, which included a specific discussion of quality
measurement for heart failure [26]. This report emphasized that guidelines are not the
same as performance measures. Performance measures ‘‘are explicit standards of care
against which actual clinical care is judged,’’ whereas guidelines ‘‘are written to suggest
diagnostic or therapeutic interventions for most patients in most circumstances.’’ The
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implication is that guidelines represent recommendations, and performance measures sug-
gest rules from which deviation should occur only after careful consideration and documen-
tation of the rationale.

The ACC/AHA working group endorsed four specific structural (i.e., descriptive
of systems) measures for consideration as quality measures:

1. Clinicians should have clear, evidence-based facility guidelines for care of pa-
tients with heart failure. The guidelines may take the form of either pathways
or recommendations, but the facility should have a document that describes or
endorses best practices and aligns them with existing medical evidence.

2. Clinicians should have a mechanism to systematically monitor patient care and
outcomes, with domains of care that align with the guideline recommendations
endorsed by the clinicians. This information should be reviewed by clinical staff
at least annually.

3. The clinicians and care facility staff must have an organizational structure to
move patients to the appropriate level of care.

4. Clinicians and care facilities should have specific programs to address end-of-
life needs.

Four process measures (i.e., describing specific functions) were endorsed by the working
group:

1. Documentation of left ventricular function.
2. Use of ACE inhibitors for patients with heart failure, left ventricular systolic

dysfunction and no contraindications.
3. Use of digoxin for patients hospitalized with heart failure and left ventricular

systolic dysfunction.
4. Use of beta-blockers for patients with NYHA class II and III heart failure, left

ventricular systolic dysfunction, and no contraindications.

Note that these recommendations were published in 2000, and may be altered by recent
and future clinical trials.

The working group did not believe that performance measures based upon actual
patient outcomes (e.g., mortality, hospitalization) should be used to inform consumer
choice because of difficulty in risk adjustment and lack of standards for sample size.
Nevertheless, the working group believed that outcome measures should be collected by
clinicians and used for internal quality improvement activities.

The use of such performance measures can no longer be considered optional by
cardiovascular physicians and others involved in the care of patients with heart failure.
Measurement of these and other dimensions of quality of care are now being used to
assess all hospitals as part of the JCAHO accreditation process, and data are expected to be
made public by the middle of this decade. To reduce the costs of the mandatory collection of
these data, hospitals are developing systems to integrate their measurement into the routine
processes of care (e.g., special data collection tools used as part of discharge planning).
For business purposes as well as the pursuit of better care, hospitals must invest in systems
for improvement of their performance, or else confront the possibility that they will appear
to be providers of inferior care compared to their competitors.

CONCLUSION

Much of the progress in the care of patients with heart failure has resulted from research
on new pharmacologic and device-based strategies for treatment of patients with this
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condition. However, comparable if not greater impact has resulted from the interventions
aimed at improving the speed and reliability with which evidence-based management
strategies are used. These interventions include the development of consensus-based guide-
lines and the use of CQI tactics (e.g., multidisciplinary disease-management teams). The
development of guidelines and measures of quality, followed by the measurement and
improvement of performance are essential parts of the advancement of care of patients
with heart failure and other cardiovascular diseases.
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INTRODUCTION

The significant increase in the prevalence, morbidity, and mortality from heart failure has
resulted in a profound health crisis in the United States [1]. The impact of heart failure
is observed not only in the loss of both quantity and quality of life, but also on the enormous
financial burden it has placed on an already strained health care system. The practice of
cardiovascular surgery has also been radically impacted as a consequence of the heart
failure epidemic, as evidenced by the increased application of nontransplant surgical thera-
pies, thereby creating a new subspecialty within the field.

Surgical therapies for patients with heart failure are not an entirely new concept, as
interventions on this population have been performed for decades, albeit with a high
perioperative morbidity and mortality as observed in the 1970s and 1980s. These unaccept-
able early outcomes served to limit the role of surgery to cases of failed medical manage-
ment, and historically, many of these patients were referred for cardiac transplantation.
Although still very successful for end-stage heart failure, the field of transplantation will
continue to be plagued by a finite number of organ donors (Chapter 23). Perhaps even
more alarming, as recently reported by Sheehy and colleagues, is that even in a ‘‘perfect
world’’ where all potential organ donors became actual donors, the supply of cardiac
donors would not meet the growing demand [2]. As the number of patients suffering from
heart failure continues to escalate, it is imperative to avoid or delay the need for cardiac
transplantation whenever possible.

Surgery for heart failure is rapidly evolving. We are observing increased referrals
for ‘‘conventional’’ surgery; fortunately, many aspects have evolved to improve survival,
and as a result, surgical outcomes for patients with even the most advanced heart failure
have made tremendous improvements.

467
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Contemporary surgical management of heart failure addresses the geometry of the
failing left ventricle, which is one that has progressed from a normal elliptical ventricular
shape to that of a dilated, spherical muscle or pathologically ‘‘remodeled’’ ventricle. The
emergence of devices and procedures to arrest or reverse remodeling and, thus, improve
cardiac function are at the forefront of surgical heart failure management.

Insights into the pathophysiological process of heart failure have also yielded major
advances in pharmacological therapy and have helped us design specific evidence-based
treatment paradigms that have clearly improved outcomes in these patients. Hence, a key
ingredient to the success of any heart failure surgery is the combination of state-of-the-
art pharmacologic therapy, thereby creating a true synergy. A coordinated team of clini-
cians with both medical and surgical expertise provides these patients with the best chance
for a meaningful future.

This chapter will review the current and evolving surgical strategies and devices to
treat both ischemic and nonischemic heart failure with a focus on coronary artery bypass
grafting (CABG), mitral valve repair, and left ventricular reconstruction.

CORONARY BYPASS SURGERY

Ischemic cardiomyopathy (ICM) is the most common cause of congestive heart failure
(CHF) and although estimates vary, it may be the direct cause of CHF in 40% to 70%
of cases [3,4]. Clinical manifestations of ICM include congestive heart failure, angina,
arrhythmias, and sudden death.

Historically, the outcome of ischemic cardiomyopathy with medical therapy is over-
all poor. However, it should be noted, that there are no current published randomized
trials comparing surgery with advanced pharmacologic and nonoperative therapies.

Earlier observational studies comparing medical vs. surgical therapy demonstrate
that patients with ICM have a 1-year survival rate of 50% to 90% and a 5-year survival
rate of 4% to 47% [5–11]. From the Coronary Artery Surgery Study (CASS) registry,
patients who did not have surgery had a 21% 12-year survival [12]. The Veteran’s Affairs
(VA) Cooperative Study also clearly demonstrated a survival benefit for patients with
impaired LV function (LVEF � 40%) who underwent bypass surgery compared with
initial medical management [13]. These findings have led to a broader application of
coronary revascularization to include patients with severely diseased ventricles.

The major benefit of revascularization is functional improvement of myocardium,
with secondary effects of retarding ventricular remodeling and reducing substrate for ma-
lignant ventricular arrhythmias. In determining appropriate candidates for revasculariza-
tion, patient evaluation and selection have a critical role for patients with ICM. As with
patients with normal ventricular function, evaluation includes assessment of symptoms
(especially angina), functional status, age, and major medical comorbidities (especially
pulmonary, renal, cerebrovascular, and peripheral vascular disease). Coronary angiography
identifies the extent of disease and quality of the distal vessels. Attention is also directed
to assessment of global and regional ventricular function and myocardial viability.

As our experience with coronary artery bypass grafting has grown, revascularization
has become an integral component of the surgical treatment for heart failure. However,
prior to an attempt at intervention, an understanding of where the patient lies on the
ischemia-infarction continuum must be made [14–16]. Revascularization of tissue that
will never contribute to ventricular function will not benefit a patient.

Myocardial tissue with compromised blood flow may be ischemic, stunned, hibernat-
ing, or infarcted. Ischemia is defined by adequate blood flow and intact function at rest
but with impaired flow reserve and rapidly reversible functional impairment with exercise.
These patients will quickly benefit from revascularization. Stunned myocardial tissue is
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ischemic myocardium with prolonged post ischemic dysfunction. These patients should
improve over time after revascularization. Hibernating myocardium is tissue with impaired
resting blood flow and function, without response to exercise. This tissue may contribute
to myocardial function with increased blood flow. Infarcted tissue is no longer myocardium
[14–16]. All of these states frequently coexist in patients with ICM (their relative propor-
tions varying among different patients), and have tremendous importance for predicting
improvement after CABG.

Several imaging techniques are available to prospectively evaluate the relative pro-
portions of recruitable myocardium. There is no individual ‘‘gold standard,’’ rather, the
modalities are somewhat complementary and include radionuclide, echocardiographic and
magnetic resonance imaging techniques.

Nuclear medicine techniques include single photon emission computed tomography
(SPECT) (using thallium-201), and positron emission tomography (PET) (using rubidium-
82 or 13N-ammonia metabolic F-18 deoxyglucose [FDG] or carbon-11 acetate tracers).

Thallium uptake by the myocardium is related to blood flow and cellular integrity,
and, hence, is predictive of viability. In a SPECT injection/delayed redistribution exam,
thallium is injected at rest. Images are obtained early and after 4 hours of redistribution
[15,17]. Delayed imaging up to 24 hours may uncover additional viable areas. This implies
that ‘‘fixed’’ defects on routine thallium-201 rest-redistribution imaging may actually
represent hibernating rather than irreversibly damaged myocardium. The SPECT examina-
tion predicts functional improvement after CABG in 62% of asynergic, viable segments
but only in 23% of nonviable segments [15].

Stress-redistribution thallium imaging is another technique used to assess myocardial
viability [18,19]. However, up to 50% of regions with fixed irreversible perfusion defects
exhibit some degree of metabolic activity using other more sensitive viability measures.
Reinjection of thallium after 24-hour interval may improve the negative predictive value
[20]. However, the identification of viable regions by rest-redistribution thallium imaging
is still less than ideal. Positive and negative predictive accuracy range from 45% to 79%
and 62% to 80%, respectively [15,17,18].

The PET scan may better assess myocardial viability [21,22]. A region of myocar-
dium showing high FDG uptake relative to myocardial blood flow (perfusion/metabolic
mismatch) represents ischemic, stunned, or hibernating myocardium. Myocardial scar is
identified by an area with decreased perfusion at rest that corresponds to decreased metabo-
lism (perfusion/metabolic match). The number of viable segments predicts improvement
after revascularization. The average positive and negative predictive accuracy of PET for
predicting improved function after revascularization are 82% and 83%, respectively, with
an overall predictive accuracy of 82% [23].

Dobutamine stress echocardiography (DSE) also helps to differentiate between
stunned and hibernating myocardium [24]. Segmental wall motion is monitored during
dobutamine administration from a low to a high dose. A uniphase response (segmental
wall augmentation that continues from low to high dobutamine doses) is suggestive of
myocardial stunning. However, a biphasic response (augmentation at low doses followed
by a reduction in function at higher doses) is indicative of ischemia and hibernation. DSE
has been useful in the preoperative prediction of viable myocardium [25]. DSE has been
found to have an overall accuracy of 86%, a specificity of 91% and a sensitivity of 68%.
When compared to 201TL injection/delayed redistribution imaging, the accuracy of the
nuclear imaging and DSE techniques appear to be similar [26]. (Table 1)

Cardiac magnetic resonance imaging (MRI) is a relatively new tool to assess myocar-
dial viability. It has three important roles: assessment of tissue perfusion, evaluation of
myocardial contractile reserve, and characterization of myocardial cellular membrane func-
tion. In patients with ventricular dysfunction, MRI exams accompanied by the intravenous
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Table 1 Sensitivity and Specificity of NonInvasive Techniques to Predict Functional Recovery
Following Coronary Revascularization in Patients with Left Ventricular Dysfunction Due to
Coronary Artery Disease

% (95% CI)

Technique No. of Patients Sensitivitya Specificityb

Technitium99m sestamibi imaging 207 83 (78–87) 69 (63–74)
Dobutamine echocardiography 448 84 (82–86) 81 (79–84)
Thallium201 stress-redistribution imaging 209 86 (83–89) 47 (43–51)
Thallium201 rest-redistribution imaging 145 90 (87–93) 54 (49–60)
[18F]fluorodeoxyglucose PET 327 88 (84–91) 73 (69–74)

CI, confidence intervals; PET, positron-emission tomography.
a Sensitivity is defined as the number of viable segments of myocardium divided by the number with recovery of

function.
b Specificity is defined as the number of nonviable segments divided by the number without recovery of function

postoperatively. Values are weighted means. There is no significant difference in sensitivity among methods.
Source: From Ref. 26a.

infusion of low-dose dobutamine may help identify additional viable areas [27]. Dobutam-
ine MRI is a specific (81%) but insensitive (50%) predictor of myocardial functional
recovery following revascularization [28]. However, MRI may be particularly useful in
patients for whom physiological stress is impractical [29].

Cine MRI with gadolinium-based contrast agent evaluates the transmural extent of
myocardial viability. Gadolinium-based contrast agents are biologically inert and diffuse
into the interstitial space, where their exit is delayed in zones of irreversible myocardial
injury (hence, ‘‘hyperenchancement’’). Hyperenhancement of dysfunctional myocardial
segments is indicative of nonviability. Improvement in regional contractility after revascu-
larization is inversely related to the extent of hyperenhancement before revascularization
(30). (Fig. 1) In their study of 50 patients, contractility improved after CABG in 78% of
regions without hyperenhancement but in only 2% of segments with severe hyperenhance-
ment [30]. A larger percentage of the left ventricle that is both dysfunctional and not
hyperenhanced before revascularization predicts a greater the improvement in the global
mean wall-motion score and ejection fraction after revascularization. Cine MRI studies
are also useful to identify areas of scar that may be amenable to surgical ventricular
reconstruction.

At the Cleveland Clinic, MRI (when feasible) and PET are the methods of choice.
Newer MRI protocols assess the extent and distribution of scar and segmental perfusion/
function relations, as well as associated aneurysm, LV thrombus, and mitral regurgitation.
After complete evaluation, we will tend to offer surgery to patients who have compensated
heart failure.

Surgical techniques for CABG in ischemic cardiomyopathy are similar to that for
patients with normal LV function. However, intraoperative myocardial protection, com-
plete revascularization, and optimal conduit selection become even more critical.

The outcome after CABG in the setting of severe LV dysfunction has improved
significantly over time. This may be in part due to advances in intraoperative myocardial
protection, increasing surgeon experience, and more consistent postoperative care strate-
gies. Also, in the earlier randomized surgical trials, the internal thoracic arteries were not
commonly utilized and we now know that these grafts have superior early and late patency
rates vs. vein grafts [31]. The modern era of coronary artery bypass also has the advantage



Coronary Revascularization, Repair, Remodeling 471

Figure 1 Relationship between the percentage of the left ventricle that was dysfunctional
but assessed as viable (n�41) before revascularization and the changes in mean wall-
motion score and ejection fraction after coronary revascularization. Decreases in wall-motion
scores indicate improvements in myocardial contractility. The mean left ventricular ejection
fraction was 43 � 13% before and 47 � 12% after surgery. (From Ref. 30.)

of the availability of platelet inhibitors, which have been shown to improve vein graft
patency rates and HMG coenzyme A inhibitors or ‘‘statins,’’ which decrease the angio-
graphic progression of atherosclerosis in bypass grafts [32–34].

Middleborough and colleagues reported their experience in 125 consecutive patients
who underwent coronary revascularization and had a preoperative left ventricular ejection
fraction less than 20% [34a]. Although preoperative viability studies were not routinely
performed, more than 90% of patients had either active angina pectoris (79%) or critical
coronary anatomy (13%). The 5-year actuarial survival was 72%. Multivariate analysis
indicated older age, NYHA class IV symptoms, and poorly visualized distal vessels as
adverse predictors of outcome. Further justification for surgical revascularization can be
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Figure 2 Survival of 788 patients who underwent coronary revascularization at the Cleve-
land Clinic who had severe left ventricular dysfunction and underwent primary coronary
artery bypass grafting between 1997 and 2001.

demonstrated by the authors’ own experience. The Cleveland Clinic recently studied a
contemporaneous cohort of 788 patients with severe LV dysfunction (� 35%) who had
undergone primary CABG between 1997 and 2001. Hospital mortality was 2.4%. Survival
was 92%, 82%, and 69% at 1, 3, and 5 years, respectively; freedom from admission for
heart failure was 95%, 89%, and 82 % at the same time points (mean follow-up 2.4 �
1.8 years). (Fig. 2)

Although LV dysfunction remains a marker of increased morbidity and mortality
after CABG, its impact as a predictor of poor postoperative outcomes has decreased
[35–37]. Other factors, such as urgent surgery, worse preoperative functional status
(NYHA class III or IV), reoperative CABG, and extent of CAD (coronery artery disease),
have become more important. In the CABG Patch trial [38], patients with preoperative
heart failure had 2 times greater perioperative mortality compared to those without. Signifi-
cantly, symptomatic heart failure was a more important predictor of mortality than preoper-
ative ejection fraction [39]. The impact of CHF on outcome after CABG was also noted
in the SHOCK trial [40]. Other factors, such as LV end systolic volume index are also
independent predictors of poor 5-year survival after CABG [41].

In the current era, coronary bypass surgery remains an important treatment for is-
chemic cardiomyopathy with compensated CHF. CABG has acceptably low mortality and
morbidity over previous studies when performed by an experienced surgical team applying
the latest techniques in appropriately selected candidates. The STITCH trial is now pro-
spectively evaluating the benefits of coronary revascularization vs. optimized medical
therapy for patients with multivessel coronary artery disease and impaired left ventricular
function.

VALVULAR DISEASE IN HEART FAILURE

Valvular disease alone may contribute to heart failure or may be the effect of heart failure
due to other disease etiologies. In either case, once present, it continues to adversely effect
patient survival and may benefit from surgical correction.

Mitral Regurgitation

Severe mitral regurgitation (MR) is a frequent complication of both ischemic and nonis-
chemic cardiomyopathy with the culprit again being adverse left ventricle remodeling.
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Left ventricular enlargement results in papillary muscle displacement and the decreased
coaptation of the mitral valve leaflets, which creates a central jet of mitral regurgitation.
This process results in greater left ventricular volume overload, increasing ventricular
dilatation and dysfunction, and worsening mitral regurgitation.

The issues regarding the appropriate management of patients with MR and advanced
left ventricular dysfunction remain controversial. Mitral valve surgery in these patients
has long thought to be associated with a prohibitive operative mortality due, in part, to
earlier reports identifying severe left ventricular dysfunction as highly significant for ad-
verse outcomes. However, these observations were largely based on the use of traditional
mitral valve replacement with disruption of the subvalvular apparatus [42–44]. Mitral
valve repair and replacement with chordal preservation techniques can now be successfully
applied in patients with severe LV dysfunction, and there is now an increasing body of
evidence demonstrating low operative mortality, good long-term survival, and freedom
from readmissions for heart failure [45,46]. Today, the symptomatic patient with mitral
regurgitation and severe left ventricular dysfunction should be considered for surgery; in
most instances, mitral valve repair has become the surgery of choice [44a]. The authors’
mitral valve repair strategy utilizes an undersized flexible annuloplasty ring. If the annulus
is very dilated and there is little tethering, a 26 mmm or 28 mm ring is used and, conversely,
if the annulus is small and/or there is much tethering then a 24 mm is used.

At the Cleveland Clinic between 1990 and 1998, 44 patients with severe mitral
regurgitation and a LV ejection fraction less than 35% underwent isolated mitral repair
(n�35) or replacement (n�9). All patients had been hospitalized one to six times for
management of heart failure (mean 2.3 �1.5) and had NYHA class III or IV symptoms
despite optimal pharmacologic therapy. The 1-, 2-, and 5-year survival rates were 89%,
86%, and 67%, respectively. Freedom from readmission for heart failure averaged 88%,
82%, and 72% during the same follow-up [47]. (Fig. 3) Favorable results have also been
reported from Badwar and Bolling in 125 patients with refractory 4� mitral regurgitation
and NYHA class III–IV heart failure. In this series, there was one operative death with
1- and 2-year actuarial survival rates of 80% and 70% [48]. Overall, mitral valve surgery
in patients with severe left ventricular function offers improvement of symptoms of heart
failure and reasonable intermediate-term (2–3 year) survival; in many instances, it may
provide an alternative to transplantation.

Successes in mitral valve surgery in the setting of severe LV dysfunction have
increased attention on patients with aortic valve disease and severe LV dysfunction. Clini-

Figure 3 Survival and freedom from heart failure hospital admission after mitral valve
repair for a cohort of patients who underwent surgery at Cleveland Clinic.
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cians must commonly make a judgment about the wisdom of operative intervention in
patients with poor left ventricular function in two types of aortic valve disease: (a) pre-
sumed severe aortic stenosis but a low gradient, and (b) severe aortic insufficiency with
left ventricular dilatation.

Aortic Stenosis

The increased afterload with aortic stenosis contributes to a host of symptoms such as
angina, dyspnea, syncope and sudden death [49]. The guidelines for the management of
adult patients with symptomatic aortic valve disease are generally clear, but for patients
with the high risk combination of severe LV dysfunction, low cardiac output, and low
transvalvular gradient, survival after surgery has generally been poor [50]. Recent ACC/
AHA (American College of Cardiology/American Heart Association) guidelines for man-
aging valvular heart disease recommend hemodynamic evaluation of low-flow, low-
gradient aortic stenosis using dobutamine echocardiography to distinguish patients with
fixed anatomic aortic stenosis from those with flow-related (‘‘relative’’) aortic stenosis
and advanced left ventricular dysfunction [42]. Nishimura and colleagues have utilized a
dobutamine challenge in the catheterization laboratory to assess ventricular contractile
reserve in patients with low-gradient aortic stenosis and LVEF less than 40%. Among
patients in whom contractile reserve was identified (stroke volume increase greater than
20%), operative mortality was 7% compared with more than 60% for those who did not
respond to dobutamine stimulation [50a].

Outcomes from the Cleveland Clinic were reviewed for three groups of patients
with aortic stenosis treated between 1990 and 1998 [51]. Group I included 68 patients
who had AVR (aortic valve replacement)with aortic valve area (AVA) of 0.75 cm2 or
less, LV ejection fraction (LVEF) of 35% or less, and mean gradient of 30 mm Hg or
less. Group II included 297 patients who had AVR with AVA of 0.75 cm2 or less, LVEF
of 50% or less, and mean gradient of 35 mm Hg or less. Finally, Group III included 89
patients who did not receive AVR but had an AVA of 0.75 cm2 or less, LVEF of 35%
or less, and mean gradient of 30 mm Hg or less.

The perioperative mortality between the surgical group with severe LV dysfunction
(group I) and group II were similar (5.9% vs. 4%). The 1-and 4-year survival were also
acceptable for both groups (82% and 75% for group I; 92% and 82% for group II, P�0.03).
These results demonstrate that in the modern era, patients with severe LV dysfunction
and a low transvalvular gradient can undergo aortic valve replacement, albeit at a slightly
higher risk than patients with better ventricular function. Certainly when one examines
the dismal outcome in the patients who did not undergo aortic valve replacement, this
strategy should be pursued whenever feasible. (Fig. 4)

Aortic Insufficiency

Historically, the natural history of patients with severe aortic regurgitation (AR) and ven-
tricular dysfunction managed medically is dismal [52]. Currently, the indications for opera-
tive intervention include: (a) functional NYHA class III or IV symptoms with preserved LV
function, (b) class II symptoms with progressive LV dilatation or angina, (c) asymptomatic
patients with mild-to-moderate LV dysfunction, and (d) those who are undergoing coronary
artery bypass or other operations who have moderate-to-severe aortic insufficiency [42].
In the presence of severe LV dysfunction these guidelines are less clear. For patients with
chronic AR with severe LV dysfunction, previous outcomes from earlier eras have been
poor [53]. Symptomatic patients with advanced LV dysfunction (ejection fraction �25%,
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Figure 4 Comparison of survival at Cleveland Clinic in patients with aortic valve stenosis
after aortic valve replacement (for high and low gradients) and medical management.

and/or end-systolic dimension greater than 60 mm) may have developed irreversible myo-
cardial changes that will not be improved by correction of the regurgitation [49]. Unfortu-
nately, a minority of patients may not present until they develop advanced heart failure.

At the Cleveland Clinic, we recently reviewed our experience with valve surgery
for AR with severe LV dysfunction to determine survival and to further investigate whether
the impact of LV dysfunction as a predictor of outcome after AVR had changed over
time. From 1972 through 1999, 724 patients had isolated aortic valve surgery for chronic
AR. Of this group, 88 patients had LVEF of 30% or less with the remaining 636 patients
having an LVEF greater than 30%. Survival after propensity matching and adjustment at
5, 10, 15, 20 and 25 years in patients with severe left ventricular dysfunction was 68%,
46%, 41%, 18%, and 9% vs. the nonsevere LV dysfunction group which was 82%, 62%,
41%, 27%, and 18% (P�0.04). Importantly, hospital mortality in the propensity matched
patients reduced in both groups over time (P�0.0008) and long-term survival in 1985
and later was similar between the two groups (P�0.96) (Fig. 5). Based on this analysis,
it is evident that improvements in technique, medical and surgical management, and
prostheses type have had a positive impact on the long-term outcome.

In the age of implantable left ventricular assist devices, these operations should be
carried out in centers that have LVAD capability as a ‘‘safety net’’ in case of the rare

Figure 5 Survival following aortic valve surgery in patients with severe left ventricular
dysfunction has improved over time and demonstrates similar long-term mortality since
1985.
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early failure. Today, with improved myocardial protection, better perioperative use of
inotropic and vasodilator agents, and more advanced valve prostheses with low gradients,
aortic valve replacement can safely be performed for aortic insufficiency, even in patients
with severe LV dysfunction.

LEFT VENTRICULAR RECONSTRUCTION FOR ISCHEMIC
CARDIOMYOPATHY

Ventricular reconstruction is the active surgical attempt to restore the shape of the patholog-
ically remodeled ventricle to one that is physiologically superior to the shape created in
diseased states. In patients with ischemic cardiomyopathy, anterior myocardial infarction
is a common initiating event, which leads to loss of function of the anterior wall as well
as parts of the interventricular septum [54]. This initial insult initiates progressive LV
remodeling leading to the clinical manifestations of heart failure. Although the definitions
are not universally standardized, dyskinetic segments are aneurysmal transmural scars,
whereas akinetic segments should be viewed as noncontributing segments of myocardium.
The purpose of LV reconstruction (either alone or in conjunction with the correction of
other cardiac disease) is to remove the diseased segment from the remaining functional
segments of the left ventricle in an effort to improve cardiac function. At the Cleveland
Clinic we frequently resect dyskinetic segments, and may resect discrete near-transmural
akinetic scars. We do not resect akinetic areas that have no scar.

The concept of surgical LV reconstruction has existed since the first reported LV
aneurysmectomy in 1958 by Denton Cooley in describing his technique of open resection
and simple closure on cardiopulmonary bypass [55]. This technique would become the
standard of the profession for the next 30 years.

Although the technique remained unchanged, our understanding of left ventricular
aneurysm pathology and its role in heart failure continued to evolve. The long-term survival
in patients who were managed medically was disappointing. In 1953, Brushke reported a
5-year survival rate of 12% in patients with left ventricular aneurysms who were medically
managed [56]. One year later, Shlichter reported the same 5-year survival of 12%, with
the leading cause of death as heart failure [57]. This led to a more aggressive surgical
approach by pioneers like Rene Favaloro. In 1968, he reported a series of 130 patients
who underwent resection for left ventricular aneurysm with a hospital mortality of 13%
[58]. Follow-up was obtained in 80 patients. There were 12 hospital deaths and 19 late
deaths. However, notably, in the 49 long-term survivors, 41 were free of heart failure
symptoms.

The surgical resection of left ventricular aneurysms slowly became applied, however,
the results were not always predictable, and as a result prompted an alteration of the
traditional surgical technique. In 1985, Jatene and Dor described their procedure, which
excluded the dysfunctional segment from the ventricular septum, as well as the free ventric-
ular wall [59,60]. As a result, Jatene reduced his hospital mortality from 11.6% to 4.3%,
and his late mortality from 12.6% to 3.5%. Dor applied his technique to areas of akinesia
as well as dyskinesia. Although operative mortality was 12% in patients with large areas
of akinesia, it was 0% in patients with small akinetic wall motion abnormalities [61]. In
the subgroup of survivors with large akinetic areas, ejection fraction increased from 25%
to 41%. Although other reports suggested an inferior outcome after reconstruction of
akinetic segments as compared with dyskinetic segments, these surgeons used the tradi-
tional methods of aneurysm resection and linear closure [62,63]. A multiinstitutional trial
of Surgical Anterior Ventricular Endocardial Restoration (SAVER) evaluated the efficacy
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and safety of this technique in 439 patients following anterior myocardial infarction [63a].
Concomitant procedures included coronary artery bypass grafting (89%), mitral valve
repair (27%), and mitral valve replacement (4%). Postprocedure ejection fraction increased
from 29% � 10% to 39% � 12%. Actuarial survival at 18 months was 89%.

Why has surgical LV reconstruction come into the forefront of the management of
heart failure? The research of the 1990s has shown the dramatic impact ventricular size
and shape have on the morbidity and mortality in heart failure. Lee followed 382 patients
with NYHA class III and IV heart failure referred for evaluation of cardiac transplantation
[64]. In patients with massively dilated left ventricles greater than 4cm/m2, 2-year survival
was 49%. In contrast, patients with left ventricles less than 4 cm/m2 had a 75% 2-year
survival.

Ventricular dilatation also affects survival after acute myocardial infarction. As part
of the GUSTO (Global Utilization of Streptokinase and t-PA for Occluded Arteries) trial,
Migrino evaluated end-systolic volume at 90 to 180 minutes into reperfusion during acute
myocardial infarction [65]. Patients with an end-systolic volume index greater than 40mL/
m2 had a higher probability of mortality at 1 month and 1 year. In the SAVE (Survival
and Ventricular Enlargement) trial, left ventricular size was a strong, independent risk
factor for mortality after 2 years [66].

Even after coronary artery bypass surgery, patients with large ventricles have a
worse prognosis. Yamaguchi identified left ventricular end-systolic volume index greater
than 100 ml/m2 as an independent risk factor for the development of heart failure in
ischemic cardiomyopathy [67]. These reports have helped cardiac surgeons focus on the
importance of reconstruction of the left ventricle in ischemic cardiomyopathy.

There are presently four variations of left ventricular reconstruction used to exclude
the septum. These include a linear closure by Jatente, a modified linear closure by Mick-
leborough, a circular closure with a patch by Dor, and a double cerclage closure without
a patch by McCarthy. (Fig. 6) All of these techniques involve an incision into the diseased
anterior wall, an exclusion of the entire diseased segment, and a reduction in ventricular
cavity size. In the majority of patients, reconstruction is done in the LAD (left anterior
descending) distribution on the anterior portion of the left ventricle. However, reconstruc-
tion has also been performed on the posterior wall after circumflex or right coronary artery
occlusion. Most of these patients undergo concomitant coronary artery bypass grafting.
Many also undergo mitral valve repair. Indications for the operation include patients with
ischemic cardiomyopathy with worsening LV dysfunction, heart failure, angina pectoris,
thromboembolism, or recurrent ventricular tachycardia. In other patients severe coronary
artery disease or mitral valve disease are the primary indication for surgical intervention
and the LV scar is reconstructed as a secondary procedure.

At the Cleveland Clinic, LV reconstruction was performed in patients with a discrete
left anterior descending scar, frequently with preoperative imaging consisting of magnetic
resonance imaging scan and/or three-dimensional echocardiography. Most patients had
compensated heart failure or other indications for surgery, such as severe coronary artery
disease or mitral regurgitation. Currently, our technique of LV reconstruction is a double
cerclage circular closure without the use of a patch on the beating heart. One hundred and
two consecutive patients with this technique were reported with a 1% hospital mortality
[68]. A patch is utilized only in rare patients with a calcified aneurysm in whom the purse-
string sutures may not create a neck, or in patients with a small LV cavity to avoid creating
too small a cavity with a low stroke volume. Since January 1997, 224 patients (80% male,
mean age 62 �10 years) underwent LV reconstruction, 69% for dyskinetic and 31% for
akinetic regions, as part of comprehensive surgical management of ischemic cardiomyopa-
thy. Before surgery, 66% were in NYHA class III or IV. The mean preoperative ejection
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Figure 6 This technique completely excludes the nonfunctional left ventricular segment
with a Fontan stitch, but closes the ventricle in a manner that does not require any prosthetic
material.

fraction was 26 � 8.5% and QRS duration was 121.8 � 31.6 milliseconds. Concomitant
procedures included coronary artery bypass grafting in 85% and mitral valve repair in
43%.

Overall survival at 30 days, 1, 2 and 3 years was 98%, 92%, 90% and 86%, respec-
tively. Freedom from readmission for heart failure at 1, 2 and 3 years was 80%, 70% and
61%. Readmission was more common in older patients and those with a longer QRS
duration, higher preoperative pulmonary artery diastolic pressures, elevated postoperative
pulmonary artery systolic pressures and longer cardiopulmonary bypass times. Freedom
from adverse events (transplant listing, return to NYHA IV, left ventricular assist device
insertion, or death) at 1, 2 and 3 years was 89%, 85% and 83%. Preoperative ventricular
dysrhythmia was a powerful predictor of worse outcomes. Both adverse events (p�0.002)
and readmission (p�0.02) were significantly higher in patients with a longer QRS dura-
tion. The presence of a preoperative implantable cardioverter defibrillator (ICD) was also
associated with early mortality (p�0.001). On the other hand, preoperative NYHA class,
LV ejection fraction, preoperative ventricular volumes, prior cardiac surgery, and need
for mitral valve repair were not risk factors for worse outcomes, after accounting for the
influence of conduction disturbances.

Advances in imaging technology should permit better prediction of those patients
who will benefit from reconstruction and those who would benefit from revascularization
and valvular correction alone. In addition, the distinction between akinetic and dyskinetic
segments must be more clearly defined. Although there are several different methods of
defining segment function, a simple, reproducible method has not yet been established.



Coronary Revascularization, Repair, Remodeling 479

Lastly, the effect of location of the aneurysm, the effect of a patch, and the indications
for postoperative arrhythmia treatment needs to be more completely understood.

ALTERNATIVE DEVICE THERAPIES

The previous sections have outlined direct surgical reconstruction of coronary arteries,
valves, or left ventricle. Lessons learned from the detrimental effects of LV remodeling
have resulted in the development of new devices to inhibit this process and alter the disease
course of heart failure. Two of these devices have been developed to either prevent myocyte
overstretch and provide passive LV constraint (Acorn CorCap�) or reshape the LV without
removal of functioning myocardium (Myocor Myosplint�).

The first example of such a device is the Acorn CorCap�, a mesh-like polyester
jacket that is surgically placed around the ventricles of the heart to provide diastolic
support. (Fig. 7) The concept of passive diastolic constraint is not new. The Acorn CorCap�
was developed following the experience with dynamic cardiomyoplasty, which demon-
strated the benefit of the girdling effect of the latissimus dorsi preventing further LV
dilation [69,70]. Constructed from a compliant woven mesh, it is designed to provide both
flexibility and strength. The design of the mesh permits bidirectional compliance of the
fabric, which allows it to conform easily to the heart, hence allowing the heart to return
to a more normal ellipsoidal shape. CorCap� placement is often performed with concomi-
tant valve repair or coronary artery bypass.

Preclinical studies with CorCap� have been reported from two different heart failure
models. In a canine heart failure model, Saavedra has shown that the long-term use of
CorCap� results in lowered end-diastolic and end-systolic volumes by 19% and 22%,
respectively, and shifted the end systolic pressure volume relation to the left, compatible

Figure 7 The Acorn CorCap� is a mesh-like polyester jacket that is surgically wrapped
around a dilated left ventricle, often in conjunction with another cardiac procedure. Results
of the randomized trial utilizing the device will soon be released.
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with reverse remodeling [71]. No change in density or affinity of the �-receptors was
observed. Further, the systolic response to dobutamine stimulation was markedly im-
proved, and diastolic compliance was unaffected. Chaudrey demonstrated an improvement
in LV diastolic function and chamber sphericity, decreased wall stress, and no evidence
of functional mitral regurgitation [72]. Power, using an ovine heart failure model, reported
similar findings of improved cardiac function, as evidenced by increased ejection fraction
and LV fractional shortening [73].

Based on the preclinical results, clinical trials were initiated to establish safety and
potential efficacy of CorCap� therapy in heart failure patients. Konertz and colleagues
examined the safety and efficacy of the CorCap� in a series of 27 patients suffering from
cardiomyopathy with a mean NYHA of 2.6 � 0.1. Of these, 16 received concomitant
cardiac surgery, principally mitral valve repair or replacement, and the remaining 11 pa-
tients received CorCap� only. In the device-only group, 5 of the 11 patients experienced
adverse events, including two deaths during an average follow-up of 12.2 � 1.1 months,
but none of the events were device related. Follow-up at 3 and 6 months reflected a
significant improvement from pretreatment in EF (21% to 28% and 33%) and NYHA
functional class (2.5 to 1.6 and 1.7), as well as a significant decrease in LVEDD (74 mm
to 68 mm and 65 mm), and LVESD (65 mm to 62 mm and 57 mm) [74].

Raman and associates reported similar findings in a cohort of five patients undergo-
ing CorCap� with concomitant CABG. Mid-term outcomes at 12-months follow-up dem-
onstrated a significant decrease in LVEDD and LVESD, with an improvement in LVEF
and NYHA functional class (75).

From these early safety/feasibility studies it appears the CorCap� may be useful in
preventing further cardiac dilation and may improve symptoms of heart failure without
device related morbidity or mortality. A randomized, prospective clinical trial of the Acorn
CorCap� is currently under way in Europe, Australia, and North America to confirm
these early observations. Enrollment will be completed in June of 2004 with study results
available at that time.

Myocor Myosplint�

Developed from the lessons learned with partial left ventriculectomy (Batista procedure),
the Myocor Myosplint� was designed to change the geometry of the LV, thereby decreas-
ing wall stress and improving hemodynamics. The implant consists of two epicardial pads
and a transventricular tension member. The two pads are located on the surface of the
heart with the load bearing tension member passing through the ventricle connecting
the pads and drawing the ventricular walls toward one another. (Fig. 8) Typically, three
Myosplints are placed on the beating heart from the lateral LV through the posterior
intraventricular septum. The splints are then tightened to create a bilobular shape.

The Myosplint� was initially studied in the canine heart failure model to assess
outcomes at 1 month following application. In this trial, heart failure was induced in 15
dogs over a period of 27 days. Of these, seven animals underwent sham surgery and eight
animals received the Myosplint� device. By 3-D echocardiographic calculations, LVEF
significantly increased from 19% at baseline to 36% acutely and remained at 39% at 1
month after Myosplint� implant. Also, LVEDV and LVESV significantly decreased and
were sustained at 1 month. End-systolic wall stress significantly decreased by 39% acutely,
and by 31% at 1 month. Also, EDWS (end diastolic wall stress) was significantly reduced
by 30% acutely and by 41% at 1 month [76].
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Figure 8 The Myosplint implants transventricular tension members to alter the geometry
of the LV into a bilobular shape. This reduces the tension on each of the individual ventricular
segments and may promote reverse remodeling.

Chronic human studies were first performed in seven patients with dilated cardiomy-
opathy and NYHA class III–IV symptoms [77]. LVEDD in this group ranged from 72 to
102 mm; mitral valve regurgitation was mild in three patients and moderate in four cases.
Four patients underwent concomitant mitral valve repair at the time of Myosplint� implant.
At 3 month follow-up, one patient experienced worsening heart failure attributed to unre-
paired, significant mitral regurgitation. The remaining six patients had improvement in
symptoms of heart failure with two of the patients being removed from the transplant
waiting list. This early experience demonstrated that Myosplint� implantation can be safely
performed without significant adverse affects, however, these investigators noted that
mitral valve repair should be done in any patient undergoing the procedure with significant
mitral valve incompetence.

Early results from the newest devices suggest that surgical therapies to halt and/or
reverse LV remodeling are feasible and may play a significant role when applied earlier
in the natural history of patients with cardiomyopathy before the development of decom-
pensated CHF.

SUMMARY

Heart transplantation and ventricular assist devices are options for only a small percentage
of people afflicted with advanced heart failure and as a result, thousands of people will
die from this disease, and even more will have limited lives. The surgical options for heart
failure are a part of a larger paradigm shift in management. Viable and effective surgical
options and devices clearly exist and are applicable to a large portion of patients with
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heart failure. However, patient selection is paramount, as any intervention must improve
cardiac function in order to improve the duration and quality of life in this high-risk group.
In addition, this strategy should only be employed at a center that is prepared to offer all
the resources that may be needed in the most challenging patients. Even more importantly,
long-term medical management must be individually tailored to give these patients their
best chance for a meaningful life.
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SYNOPSIS

Congestive heart failure remains a clinical syndrome characterized by a vicious cycle
leading to progressive circulatory failure and end-organ dysfunction in an ever-increasing
number of patients. The long-term goal in the treatment of these victims of heart failure
is the improvement of their quality of life. We have outlined the current cardiac replacement
strategies for individuals who have failed current medical therapies and are otherwise
appropriate candidates for further therapeutic interventions. These cardiac replacement
strategies include mechanical circulatory support devices, which are implemented both as
a bridge to transplantation as well as permanent or destination therapy. The concept of
bridging end-stage heart failure patients to recovery with mechanical circulatory systems
is also addressed. Finally, the current state of cardiac transplantation including patient
selection, operative techniques, postoperative management, immunosuppression strategies,
and the most current results of cardiac transplantation is reviewed.

INTRODUCTION

The earliest application of mechanical circulatory support was used for acute cardiovascu-
lar collapse, specifically postcardiotomy failure. During the past decade, the application of
ventricular assist devices (VADs) for longer-term support has become possible. Ventricular
assist devices are now routinely used as bridges to transplantation as well as for permanent
circulatory support or destination therapy. The role of VADs as bridges to myocardial
recovery has also recently been the topic of extensive clinical and experimental investiga-
tion. Although cardiac transplantation is the therapeutic option of choice for end-stage
heart failure, there are several limitations to this approach for the management of an ever-
increasing number of individuals. The supply of donor hearts will never fully meet the
demands of transplant candidates whose disease has reached its final stage. Furthermore,
donor heart availability is completely unpredictable, rendering individuals on the waiting
list vulnerable in the setting of acute deterioration. Given the ever-increasing time on the
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waiting list, bridging individuals to transplantation using mechanical circulatory support
(MCS) systems has become the therapeutic option of choice in the setting of acute deterio-
ration not responsive to medical management. This chapter will focus on MCS as a long-
term support strategy to transplantation, recovery, and permanent support. In addition, we
will review the current status of cardiac transplantation, which continues to remain the
accepted treatment for end-stage heart failure.

MECHANICAL CIRCULATORY SUPPORT

Background

The possibility of supporting the circulation for an extended period of time became feasible
with the implementation of cardiopulmonary bypass (CPB) in 1953 [1]. The use of cardio-
pulmonary bypass for postcardiotomy recovery of cardiac function [2] inspired the rapid
development of other assist devices for longer-term support of the circulation. The first
successful use of an mechanical assist device for temporary left heart assistance was
implanted by Dr. Michael E. DeBakey at Baylor College of Medicine in 1963 [3]. This
intrathoracic device was a pulsatile, air-driven, ventricular assist device that supported a
patient for 4 days after an aortic valve operation. A subsequent version of this DeBakey
blood pump was implanted extracorporeally between the left atrium and the axillary artery
in 1966 [4]. This marked the first successful implementation of a mechanical assist device
bridging a patient to myocardial recovery after postcardiotomy failure. In addition to an
implantable left ventricular assist system (LVAS), which partially supported the circula-
tion, a total artificial heart was also employed, in 1969, to support the circulation of a
patient who could not be weaned from CPB after resection of a left ventricular aneurysm
[5]. Application of this TAH (total artificial heart), developed by Liotta and the Baylor-
Rice team, represents the first application of a VAD as a bridge to cardiac transplantation.
The success of these pioneering surgeons resulted in directives at the national level, sup-
ported by the National Heart, Lung, and Blood Institute, aimed at producing MCS systems
for long-term use as well as for permanent cardiac replacement. As a result of extensive
animal and in vitro testing, the safety and efficacy of these MCS systems were tested,
evaluated, and ultimately applied in the clinical setting. These MCS systems now serve
as bridges to transplantation in terminally ill patients who cannot wait until a suitable
donor heart is available.

Patient Selection

Identification of appropriate candidates for MCS is of paramount importance given that
universal criteria do not exist. In addition, the timing of device implantation is also critical
for optimum outcomes. Potential MCS recipients are usually transplant candidates, but
this criterion is being redefined given the recent results from the Randomized Evaluation
of Mechanical Assistance for the Treatment of Congestive Heart Failure (REMATCH)
trial [6]. The patient considered for MCS support should fulfill the general criteria for
transplant recipient selection and be a suitable candidate for cardiac transplantation. The
MCS recipient should have adequate psychosocial support for a potentially prolonged
period of mechanical support.

Typically, MCS systems are used to support the circulation of patients who are in
NYHA class IV heart failure despite aggressive medical therapy and who are at imminent
risk of death before a donor heart becomes available. These patients with end-stage heart
disease should not have any irreversible end-organ failure. The tendency should be to
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implant the assist device before significant clinical deterioration is present. In a recent
review of the Novacor European Registry, preimplant clinical parameters were analyzed
in an effort to determine the impact on postimplant survival [7]. Multivariate analysis
revealed that the following preimplant conditions were independent risk factors for survival
after LVAS placement: respiratory failure associated with septicemia, right heart failure,
age greater than 65 years, acute postcardiotomy, and acute infarction. The 1-year survival
after LVAS implantation, including posttransplant, significantly dropped from 60% to
24% with the presence of one risk factor. Temporary end-organ dysfunction, however,
has been demonstrated to recover after device placement. Therefore, dysfunction of one
or more organs is not necessarily a contraindication to placement of a device [8,9].

The hemodynamic criteria for circulatory failure that is refractory to maximal medi-
cal management include a cardiac index of less than 2.0 L/min/m2, a systolic blood pressure
less than 80 mmHg, and pulmonary capillary wedge pressure of greater than 20 mmHg
despite adequate preload, inotropic therapy or intraaortic balloon counterpulsation [10].
These criteria simply serve as a guide but the downward trend in hemodynamics as well
as an escalation in pharmacologic support may be more important in deciding the timing
of device placement.

Mechanical Circulatory Support Systems

The MCS systems currently used as intermediate to long-term bridges to transplantation
include: the Novacor LVAS (World Heart Corporation, Ottawa, Canada), the HeartMate
LVAS (Thoratec Laboratories, Pleasanton, CA), the CardioWest total artificial heart
(CardioWest Technologies Inc., Tucson, AZ), and the Thoratec VAD (Thoratec Laborato-
ries, Pleasanton, CA). The HeartMate and Novacor LVAS are fully implantable, intracor-
poreal systems that mechanically bypass the left ventricle without removal of the native
heart. These systems do not provide support for the right ventricle. The Thoratec VAD
is a paracorporeal system that provides either univentricular or biventricular support. The
implantable CardioWest TAH replaces the entire native heart and, thus, offers biventricular
support. These systems have unique advantages and disadvantages depending on the patient
profile and the type of circulatory support required. All of these systems, however, have
been demonstrated to provide circulatory support for extended periods of time. The benefits
and complications of each of these systems coupled with specific patient considerations
need to be evaluated when deciding upon the type and timing of each device.

The four devices listed above represent MCS systems that are not completely im-
plantable and provide pulsatile flow. Advances in technology have resulted in the introduc-
tion of new MCS devices that are designed to provide circulatory support with fewer
complications. These advances include new-generation blood pumps that are smaller, more
durable and in some instances, completely implantable. The LionHeart LVAD 2000
(Arrow International, Reading, PA) is a totally implantable pulsatile LVAS currently being
tested in human trials. The power supply to the LVAS is achieved through a transcutaneous
energy transmission system (TETS) and a compliance chamber to compensate for air
displacement (Fig. 1). Alternatives to pulsatile systems are axial flow devices that provide
continuous, nonpulsatile flow. There are numerous axial flow pumps that are undergoing
experimental investigation in human trials: the Jarvik 2000 Heart (Jarvik Heart Inc, New
York, NY, Figure 2), MicroMed DeBakey VAD (MicroMed Technology Inc, Houston,
TX), and the HeartMate II (Thoratec Laboratories Inc, Pleasanton, CA). These nonpulsatile
axial pumps are smaller, potentially more durable, and have reduced energy requirements
(Fig. 3). The results of ongoing trials will help elucidate the role that these pumps will
assume in the management of patients with end-stage heart failure.
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Figure 1 The LionHeart LVS-2000, a completely implantable left ventricular assist device
with a transcutaneous energy transmission system.

Novacor Left Ventricular Assist System

The Novacor LVAS was originally designed as a totally implantable system intended for
destination therapy. An interim system consisting of a portable, partially implantable,
electrically powered device with a percutaneous power lead/vent has functioned well pri-
marily as a bridge to transplantation since 1984 [11]. The Novacor N100PC LVAS consists
of a seamless, smooth-surfaced polyurethane sac bonded to dual, symmetrically opposed
pusher plates and to a lightweight fiberglass/epoxy housing that incorporates the valve
fittings [12]. The inflow and outflow conduits are 25 mm in diameter and contain custom
porcine bioprostheses with sinuses behind each of the valve leaflets. The inflow conduits
and outflow grafts that connect the pump between the left ventricular apex and ascending
aorta were fabricated from low-porosity, woven, crimped polyester (Cooley; Meadox Med-
ical, Oakland, NJ). Since 1998, a gelatin-sealed, knitted polyester graft with integral wall
reinforcement has been used for the inflow conduit (Sulzer Vascutek Ltd, Renfrewshire,
Scotland) [13].

The system controller is located extracorporeally and is connected to the implanted
energy converter via a percutaneous lead, which also provides a pump vent. The wearable
control system provides electrical energy to a pulsed-solenoid energy converter, which is
coupled to the pusher plates through a flat spring mechanism. This actuator design allows
efficient, reliable transformation of electrical to mechanical energy with an overall effi-
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Figure 2 Percutaneous version of the Jarvik 2000.

ciency of 65%. Transducers within the pump send signals to the external control unit to
regulate the pumping rate. The system can be operated in either fixed-rate, synchronous,
or fill-to-empty mode.

The Novacor LVAS was converted from a console-based system into a portable,
wearable system in 1993. The wearable system incorporates a compact controller and
rechargeable power packs that are worn on the patient’s belt [14]. (Fig. 4) The wearable
system has optimized out-of-hospital use, with more than 60% of the worldwide recipients
spending greater than 80% of their support time outside of the hospital [15]. The wearable
system has significantly improved patient mobility, discharge to home, and aggressive
rehabilitation while waiting for transplantation.

The operative technique for implantation of the Novacor pump is via a midline
incision from the sternal notch to the umbilicus. The pump pocket is placed in a preperito-
neal space anterior to the posterior rectus sheath between the left costal margin and the
iliac crest [12]. A smaller pocket is created in the right rectus sheath for lateral placement
of the outflow conduit to avoid kinking. The percutaneous vent tube is tunneled in a
subcutaneous manner from the pump pocket and exits between the right costal margin
and the iliac crest. After institution of normothermic cardiopulmonary bypass, the outflow
conduit is anastomosed to the proximal right lateral aspect of the partially clamped ascend-
ing aorta. This anastomosis may be performed off cardiopulmonary bypass in selected
patients who can tolerate the increased left ventricular afterload. The inflow cannulae are
placed through a ventriculotomy at the left ventricular apex. Alternatively, the anastomoses
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Figure 3 The Jarvik 2000 axial flow pump is constructed of titanium and has a 16-mm
Hemashield outflow graft. The pump weighs 90 g and is 2.5 cm in diameter.

Figure 4 The HeartMate Implantable Pneumatic Left Ventricular Assist System.
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may be performed in an antegrade manner, with the inflow conduit placed first. After
appropriate de-airing of the pump and conduits via a needle-vent in the outflow graft, the
pump is started at a slow fixed-rate mode. After the patient is separated from cardiopulmo-
nary bypass, the operating mode is switched to fill-to-empty.

HeartMate Left Ventricular Assist System

The HeartMate LVAS is an implantable, pulsatile blood pump that is available in a pneu-
matically driven version (implantable pneumatic or IP-LVAS) (Fig. 5) or electrically pow-
ered version (vented electric or VE-LVAS) (Fig. 6) [16,17]. The same blood pump is
employed in both versions but differs in the method of actuation. In the IP-LVAS device,
the console delivers a pulse of air that displaces the polyurethane diaphragm, compressing
the blood chamber within the rigid titanium housing and causing the ejection of blood.
The VE-LVAS, available since 1991, contains an electric motor that actuates the same
pusher-plate mechanism as in the IP version. The low-speed torque electric motor is
positioned below the diaphragm and drives a pair of nested helical cams. Two lines,
contained in a single conduit in the most recent VE-LAS version, are tunneled percutane-
ously and exit through the skin and connect to the external control system. One line
contains the electric cable, whereas the second line serves as an external vent and also
permits pneumatic actuation in the event of an emergency. The inflow and outflow conduits
each contain a 25 mm porcine valve for unidirectional blood flow.

Surgical implantation also requires placement on cardiopulmonary bypass and the
anastomotic techniques to the ascending aorta and LV apex are similar to those used
for the Novacor device. The pump is placed beneath the left hemidiaphragm either in a

Figure 5 The HeartMate Vented Electric Left Ventricular Assist System.
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Figure 6 The Novacor Wearable Left Ventricular Assist System.

preperitoneal pocket [18] or within the peritoneal cavity [19]. Both pumps can generate
a maximum stroke volume of 85 ml and a maximum pump output of 11 L/min. The
pumps can be operated in fixed rate or an automatic mode. The automatic mode is more
physiological, maximizes flow by ejecting only after the blood pump is at least 90% filled,
and is thus, responsive to circulatory demand.

The most unique property of the HeartMate LVAS is the textured, blood-contacting
surface that lines the blood pump. The blood-contacting portion of the titanium housing
incorporates titanium microspheres and the flexible diaphragm is covered with integrally
textured polyurethane. These textured surfaces promote the formation of a pseudointimal
layer [20]. As a result of this unique feature, systemic anticoagulation with heparin and
warfarin are avoided. Anticoagulation with aspirin or antiplatelet agents is used with low
thromboembolic risks [21].

Thoratec Ventricular Assist System

The Thoratec VAS is a pneumatically powered, paracorporeal device that can provide
univentricular or biventricular support (Fig. 7) [22]. The Thoratec VAS device consists
of four main components: a drive console, inflow cannulae, outflow cannulae, and a
pump. The pump contains a seamless polyurethane blood sac within a rigid polycarbonate
housing. The pump connects to a dual drive console, which sends both positive and nega-
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Figure 7 The Thoratec Ventricular Assist System in the biventricular support configuration.

tive pressurized air to fill and empty the pump. Bjork-Shiley tilting-disc mechanical valves
in the inflow and outflow conduits ensure unidirectional blood flow through the device.
The Thoratec VAS can operate in three different modes: volume, fixed-rate, and external-
synchronous mode. The volume mode, or fill-to-empty mode of operation allows the pump
to change speed as determined by the amount of filling. In the fixed-rate mode, the pump
rate is set by the operator and functions independently of the patient’s heart rate. The
external-synchronous mode triggers the pump to empty based on the patient’s R-wave on
the electrocardiogram. The preferred mode of operation is the volume mode because it
maximizes support of the cardiac output. The other two modes of operation are used for
de-airing after implantation, weaning prior to explantation, or when a pump rate of 80
beats/min cannot be achieved. In order to provide adequate blood ejection, the operator
must adjust the systolic driveline pressure to 200 mmHg, an ejection time of 300 millisec-
onds, and diastolic vacuum pressure is adjusted to optimize filling. The pump has a maxi-
mum stroke volume of 65 ml and a maximum flow of 6.5 L/min. When biventricular
support is needed, right pump flow should be lower than left pump flow in order to prevent
pulmonary congestion and injury.

The Thoratec VAS is typically implanted through a median sternotomy with the
use of cardiopulmonary bypass. An alternative technique includes placement via a left
thoracotomy without the use of CPB [23]. For left-ventricular assistance, the inflow conduit
is placed either in the left ventricular apex or the left atrium. Left ventricular apical
cannulation provides the best filling of the device and is the preferred site of insertion for
bridge-to-transplant patients. The outflow conduit, a 12-mm preclotted woven Dacron
graft, is anastomosed to the ascending aorta using a side-biting clamp. For right-ventricular
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assistance, the inflow cannula is placed either in the right ventricle or right atrium and
the outflow cannula is anastomosed to the main pulmonary artery. The cannulae are exteri-
orized below each respective costal margin and connected to the pump or pumps. The
pumps rest on the anterior surface of the abdomen in a paracorporeal position. Systemic
anticoagulation with heparin and warfarin are implemented during the support period.

CardioWest Total Artificial Heart

The CardioWest TAH, formerly called the Jarvik-7 or Symbion TAH, is a pneumatically
actuated, pulsatile biventricular pump that is implanted in the orthotopic position. The
pump consists of two ventricles that are connected to the respective native atria and great
vessels (Fig. 8). Pulses of air delivered from the drive console compress a smooth, flexible
polyurethane diaphragm within the ventricular blood chambers, causing ejection of blood.
Two Medtronic-Hall mechanical valves provide unidirectional blood flow. The maximal
stroke volume of this pump is 70 ml with an output between 6 and 8 L/min [24].

Implantation of the CardioWest TAH is through a median sternotomy and requires
excision of both ventricles with retention of both atrial cuffs. The device is then anasto-
mosed to both atria and great vessels. The pneumatic drivelines from each ventricle are
externalized percutaneously and attached to the drive console. Patients may be ambulatory
by using battery power and air tanks that permit a few hours away from the drive console.
Anticoagulation typically requires a regimen with heparin, warfarin, and dipyridamole to
prevent thrombus formation.

Figure 8 The CardioWest Total Artificial Heart.
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The CardioWest TAH is currently undergoing Food and Drug Administration (FDA)
approval in the United States. This device, however, is already approved as a bridge to
transplantation in other countries. A significantly smaller, portable drive console is cur-
rently being developed for out-of-hospital use.

Summary of Mechanical Circulatory Support Systems

The most commonly used LVAS for long-term mechanical support and FDA-approved
as bridges-to-transplantation include the Novacor, HeartMate and Thoratec. The Novacor
and HeartMate are both implantable and provide left ventricular support alone. The Thora-
tec is a paracorporeal device and provides left and right ventricular support, as needed.
One of the main differences between the HeartMate and the other devices is the blood-
contacting surfaces used and the type of anti-coagulation required. The HeartMate uses
textured blood-contacting surfaces allowing the formation of a ‘‘pseudointimal’’ lining
and, therefore, does not require any systemic anticoagulation. All other devices require
systemic anticoagulation with heparin and warfarin. The CardioWest TAH, in addition to
the Thoratec, provides biventricular support. The main differences between these two
pumps, however, is that the CardioWest TAH only provides biventricular support, whereas
the Thoratec VAS can be used for left, right and biventricular support. Furthermore, the
CardioWest TAH requires removal of the native heart and is placed in an orthotopic
position. The CardioWest TAH remains in clinical trials under an investigational device
exemption begun in 1993 and a multicenter trial has been undertaken [25]. Table 1 summa-
rizes the four long-term circulatory support systems previously discussed.

Complications with Mechanical Circulatory Support

In addition to advancements in technology, better patient selection, and improved perioper-
ative management, the incidence of morbidity and mortality after LVAS implementation
has significantly declined. The most frequent complications include bleeding, infection,
thromboembolism, neurologic dysfunction, organ failure, right heart failure, hemolysis,
and technical problems. The most prevalent acute complication in the immediate postopera-
tive period remains bleeding. Bleeding is a consequence of coagulopathy often secondary

Table 1 Summary of the Long-Term Circulatory Support Systems

Device FDA Approval Indication Position Anti-Coagulation

Novacor 1985–Bridge LV alone Intracorporeal Systemic
to Transplant

HeartMate (IP) 1986–Bridge LV alone Intracorporeal NONE
to Transplant

HeartMate (VE) 1991–Bridge LV alone Intracorporeal NONE
to Transplant
2002–Destination

Thoratec 1996–Bridge LV alone or Paracorporeal Systemic
to Transplant RV alone or

1999–Bridge Biventricular
to Recovery

CardioWest No FDA approval Biventricular only Intracorporeal Systemic
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to hepatic insufficiency, fibrinolysis, and platelet consumption secondary to cardiopulmo-
nary bypass, as well as the extensive surgical dissection required for implantation. The
incidence of bleeding requiring reexploration ranges from 21% to 48% [26,27]. The intro-
duction of the serine protease inhibitor aprotinin in LVAS recipients has significantly
decreased the incidence of bleeding, blood product requirement, and perioperative mortal-
ity [28].

Infection is another very common complication during mechanical support. The
incidence of infection ranges from 40% to 49% [29,30]. Recipients of MCS implants are
susceptible to both nosocomial and device-related infections, with the most common site
being the drive-line [31,32]. Antimicrobial drive-lines as well as modification of the im-
plant techniques may significantly decreases the incidence of device-related infections
[32,33]. A longer drive-line tunnel may provide greater protection from ascending infection
than shorter subcutaneous tunneled tracts. In addition, covering the upper surface of the
implantable pump with a patch of knitted graft material has significantly decreased the
incidence of pocket infections [32]. LVAD infection is associated with significantly de-
creased survival when compared to patients without infectious complications who survived
to transplantation [34]. Infection, however, does not preclude successful bridging to trans-
plantation, which remains an effective treatment option [35].

Another important long-term complication of mechanical support devices is throm-
boembolism. The reported incidence ranges from 4% with HeartMate [36] to 12% with
the Novacor device [15]. The HeartMate’s textured surface promotes formation of an
adherent pseudointimal cellular lining, which is presumably more biocompatible than
the blood contacting surfaces of other devices [20]. This freedom from thrombogenicity
translates into the lower thromboembolic rates observed despite the absence of systemic
anticoagulation [21]. Modifications to the Novacor inflow conduit design have markedly
diminished the thromboembolic rate from 31% to 12% [13,15], which is similar to the
thromboembolic rate of 10% observed in the REMATCH trial [6]. The original inflow
conduit was a woven, unsupported, and crimped polyester graft. The new Vascutek inflow
conduit is a knitted, gelatin-sealed, integrally supported polyester graft resulting in substan-
tially improved neointimal morphology and significantly reduced embolic rates [15].

Right heart failure after LVAD support has a poor prognosis and is largely unpredict-
able. The need for perioperative RVAD support after LVAD insertion ranges from 9% to
11% [37,38]. In a recent retrospective study, the best predictors of severe right ventricular
failure after implantable LVAD insertion by multivariable logistic regression analysis were
preoperative circulatory support, female gender, and nonischemic etiology [37]. Interest-
ingly, pulmonary hypertension with elevated pulmonary artery pressures and pulmonary
vascular resistance were not risk factors for RV failure, which suggests that RV contractil-
ity was not strong enough to generate an increase in pressure [37].

Management of right heart failure after LVAD placement remains a continual chal-
lenge that is best treated by avoidance and institution of aggressive preventive measures
[39]. Some of these maneuvers include management of pulmonary hypertension with the
selective endothelial vasodilator, inhaled nitric oxide [40]; pharmacologic measures to
decrease right ventricular afterload and enhance contractility; and ventilatory adjustments
made to prevent respiratory acidosis and enhance pulmonary compliance. Furthermore,
some of the preventive measures employed are aimed at diminishing the deleterious effects
of the amplified inflammatory cascade, which contributes to right-sided circulatory failure.
These strategies include use of the serine protease inhibitor aprotinin both to prevent
fibrinolysis and inhibit the kallikrein system [28]; leukocyte depletion strategies while on
cardiopulmonary bypass; and modified ultrafiltration both intraoperatively and postopera-
tively. Despite these maneuvers, patients with severe right heart failure, intractable ventric-



Long Term Mechanical Circulatory Support 499

ular arrhythmias, and circulatory failure secondary to insufficient filling of the LVAD,
require placement of a Thoratec RVAD.

One major limitation after implantation of mechanical circulatory support systems
is the post-VAD immunologic sensitization and its subsequent implications on allograft
function and survival. Reports indicate that after LVAD implantation, antibodies to major
histocompatibility (HLA) class I or II antigens develop in approximately 60% of patients
[41]. The mechanism of immunologic sensitization after mechanical circulatory support,
as evidenced by elevated titers of panel reactive antibody (PRA) greater than 10, is not
entirely clear [42]. Several potential risk factors for sensitization include blood product
administration, specifically platelet transfusion during the post-operative period after
LVAD placement [43]. Furthermore, the LVAD surface itself has been demonstrated to
activate the immune system. The textured surface of the HeartMate initiates a proinflamma-
tory cascade with subsequent upregulation of cytokines as well as adhesion molecules
[44]. In addition, CD4 T-cell levels accompanying LVAD implantation are significantly
reduced [45] and demonstrate a heightened susceptibility to apoptosis [46]. This selective
activation of the immune system on the LVAD surface results in enhanced immunosensiti-
zation with the attendant adverse sequelae of rejection, opportunistic infection, and de-
creased survival.

The most important preventive measure to reduce allosensitization is avoidance
of blood product administration after LVAD implantation. Other effective interventions
employed to depress the surface-activated immune response include plasmapheresis, intra-
venous immunoglobulin, and simply aspirin [46,47]. A recent study demonstrated that
intravenous immunoglobulin, in conjunction with cyclophosphamide, reduced serum anti-
HLA alloreactivity and shortened the duration to transplantation in highly sensitized LVAD
recipients [47]. The development of novel biomaterials and pharmacologic interventions
aimed at modulating the immune response to LVAD implantation remains a critical step
for improved long-term outcomes.

Clinical Results of MCS as Bridges to Transplant

Survival to Transplantation

Extensive clinical experience has been obtained over the last decade with mechanical
circulatory systems used as bridges to transplantation. Once believed to be a risk factor
for poor survival after transplantation, ventricular assist devices have convincingly been
demonstrated to improve posttransplant survival [48,49]. Clinical studies have shown that
implantable LVAD therapy is safe, provides effective hemodynamic support with a low
incidence of adverse events, and improves survival in transplant candidates [48]. In a
multicenter trial of the HeartMate IP LVAS in patients awaiting transplantation, Frazier
reported a significant increase in survival to transplantation for patients treated with an
LVAD when compared to control patients (71% of device patients vs. 36% of control
patients) [36]. Furthermore, posttransplant survival after 1 year was also significantly
greater in the device group when compared with the control group (90% vs. 67%, p �
0.03) [36]. In another multicenter evaluation of the HeartMate VE LVAS in patients
awaiting heart transplantation, survival to transplantation was once again significantly
improved with LVAD therapy when compared with a similarly matched cohort of controls
treated medically (67% vs. 33%, p � 0.0001) [48]. All patients in both groups had to
meet specific selection criteria, which required approval for transplantation as well as
reliance on current intravenous inotropic therapy.

The multicenter bridge-to-transplant series in the United States using the Novacor
LVAS also demonstrated improved survival to transplantation when compared with con-
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trols without LVAS support (77% vs. 37%, p � 0.0001) [50]. The European experience
with the Novacor LVAS is similar with an overall survival of 64% with 33% of patients
being discharged to home after LVAS placement [30]. The median implant time was 115
days with no device or system failures. Since the introduction of the wearable system
in 1993, both the duration of support and number of patients discharged to home have
progressively increased. In the overall experience of patients receiving MCS as a bridge
to transplantation, more than 60% have actually received a transplant. More than 85% of
those individuals transplanted have survived to be discharged from the hospital [30,51,52].

The most common cause of death in patients with long-term MCS not surviving to
transplantation is usually multiorgan failure. In an attempt to elucidate upon predictors of
survival to transplantation, a multiinstitutional study of patients bridged to transplantation
with the HeartMate VE LAS and Thoratec VAD were reviewed [27,53]. Risk factors for
decreased survival to transplantation after HeartMate VE LVAS included increased age,
prior heart surgery, elevated creatinine, and total bilirubin [48]. In a multiinstitutional
study of patient’s bridged to transplantation with a Thoratec VAD, elevated blood urea
nitrogen levels was the only sensitive predictor of survival to transplantation [53]. Eleva-
tions in serum creatinine and total bilirubin were also associated with decreased survival
to transplantation.

Survival and Outcomes After Transplantation

In addition to improved survival to transplantation after mechanical circulatory support,
there is now growing evidence demonstrating improved outcomes after transplantation in
LVAS recipients when compared with patients managed on inotropic support [54,55].
Clinical outcomes posttransplantation, including renal failure and right heart failure, were
significantly increased in patients on inotropic support vs. LVAS recipients [54]. Six-
month survival, however, was not significantly different between the two groups. Aaronson
and colleagues have recently demonstrated improved posttransplant survival (95% vs.
65%, p � 0.007) and overall survival (77% vs. 44%, p � 0.01) at 3 years in patients
receiving an implantable LVAD (HeartMate VE LVAS) when compared with patients on
inotropic support [55]. Bridging to transplantation with an implantable LVAD, therefore,
improves utilization of donor hearts [55]. In the multicenter clinical evaluation of the
HeartMate VE LVAS, Frazier and associates also demonstrated a significant improvement
in posttransplant survival after 1 year in LVAD patients bridged to transplant when com-
pared with controls managed medically (84% vs. 63%, p � 0.01) [48].

Recovery, Rehabilitation, and Quality of Life

Given that transplant recipients are waiting longer periods of time, the duration of support
while on MCS has progressively increased. In 1998, half of the Novacor LVAS recipients
were supported for greater than 6 months, and the median waiting time in HeartMate VE
LVAS group was 105 days. Furthermore, a significant number of implantable LVAS
recipients are being discharged to home. The potential for recovery and rehabilitation
both in-hospital and ultimately at home has translated into improved clinical and survival
outcomes. With mechanical circulatory support, device recipients have recovery of end
organ function, improvement in New York Heart Association functional class, and ad-
vanced physical rehabilitation. Patients on MCS who experience this accelerated functional
rehabilitation are enrolled in hospital release programs [48]. In a recent study, outpatients
spent a mean of 326 days at home, which corresponded to 72% of their time on support
[56]. There was no increased mortality and the number of readmissions per patient per
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year was only 2.8. Hospital discharge has enabled individuals to return to near-normal
lifestyles with resumption of physical activities and a return to employment. Significant
improvement in exercise capacity also occurs with chronic LVAD therapy [57]. Interest-
ingly, the exercise capacity of device patients is better than that of transplant candidates
[58]. These benefits clearly translate into an enhanced quality of life while these individuals
are being bridged to transplantation.

Cost of LVAD Support

The economics of devices used for mechanical circulatory support remains an important
focus of concern significantly impacting the patient, provider, and society as a whole.
Based on the experience with ‘‘bridge-to-transplantation’’ patients, the average first-year
cost of LVAD implantation is estimated to be $222,460 including professional fees, and
$192,154 excluding professional fees [59]. The latter figure is comparable to average first-
year costs for cardiac transplantation, which was $176,605 without professional fees. With
the introduction of safe and efficient outpatient programs, increasing numbers of LVAD
recipients are being discharged to home sooner. In a recent report by the Columbia group,
49% of their patients who received a wearable HeartMate VE-LVAS were discharged to
home, spending an average of 103 days of outpatient support [60]. All patients were either
successfully transplanted or explanted with no outpatient deaths. The estimated average
cost to bridge a patient to transplantation or explanation after discharge to home was
$13,200 compared with the cost of inpatient therapy of $165,200. Efficient and timely
implantation of mechanical support systems in addition to enrollment in outpatient pro-
grams will allow for more cost-effective management as well as improved quality of life
for the patient.

Long-Term MCS as a Transplant Alternative

Permanent LVAS

The FDA has recently approved the use of the HeartMate VE LVAS for permanent use
or destination therapy for patients with severe end-stage heart failure. This approval was
based on the recent findings from the REMATCH trial. The efficacy and safety of the
HeartMate VE LVAS as a long-term myocardial replacement therapy was investigated in a
prospective, randomized multicenter trial comparing LVAD therapy with optimal medical
management [6]. Patients with NYHA class IV heart failure, who were not eligible for
heart transplantation, were randomly assigned to receive an LVAD (68 patients) or medical
treatment (61 patients). The trial demonstrated a significant improvement in survival in
patients who received the LVAD with a 48% reduction in the risk of death from any cause
[6]. The Kaplan-Meier estimates of survival at 1 year were 52% in the device group and
25% in the medical-therapy group (p � 0.002), and at 2 years were 23% and 8% (p �
0.09), respectively (Fig. 9). Furthermore, the quality of life was significantly improved at
1 year in the device group. The frequency of serious adverse events in the device group,
however, was significantly higher than in the medical group and included neurologic
dysfunction, bleeding, infection, and malfunction of the device. The leading cause of death
in the device group was sepsis, accounting for 25% of the mortalities. Mechanical failure
of the LVAD, including inflow-valve failure, erosion, and kinking of the outflow graft,
was the second most frequent cause of death in the device group, resulting in 10% of the
mortalities.
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Figure 9 Kaplan Meier actuarial patient survival for patients enrolled in the REMATCH
trial. (From Ref. 6.)

The promise of establishing permanent mechanical support as a therapeutic option
is very encouraging given the enormous population of patients with severe end-stage heart
disease who could potentially benefit from this strategy. The future challenge will be to
minimize the adverse events by application of new technology, such as fully implantable
devices, which would decrease the infection risk and device malfunction. The ultimate
goal is to improve device durability so the long-term capabilities of MCS will translate
into comparable survival and may serve as an alternative to heart transplantation.

Bridge to Recovery

A second possible approach to the application of long-term MCS as an alternative to heart
transplantation is as a bridge to myocardial recovery. In addition to the dramatic clinical
improvement with LVAD therapy, numerous studies have documented the improvement
in the structure and function of the native myocardium with chronic unloading [61,62].
Left ventricular unloading with MCS induces an increase in wall thickness, decreased
wall stress with a reduction in myocyte damage based on histological examination [61].
Prolonged unloading also improved native ventricular function with improved left-ventric-
ular end-diastolic dimension, ejection fraction, and cardiac index [62]. Further studies
have also demonstrated dramatic changes in the myocardial ultrastructure after LVAD
implantation with regression of fibrosis and hypertrophy as well as decreased myocyte
apoptosis and necrosis [63–65]. Potential mechanisms to explain this myocardial healing
include decreased expression of the cytokine tumor necrosis factor-�, downregulation of
matrix metalloproteinases, reduction in collagen damage as well decreased activation of
nuclear factor-�B in the failing heart after LVAD support [66–68]. Furthermore, unloading
of the ventricle with MCS reverses the downregulation of �-adrenergic receptors and
restores myocardial responsiveness to inotropic stimulation [69]. Myocardial contractile
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strength is also improved with long-term MCS by upregulating genes encoding for proteins
involved in calcium cycling resulting in reversal of contractile dysfunction [70].

Given the significant beneficial effects of long-term MCS on myocardial structure
and function, the concept of bridging to myocardial recovery in select patients is becoming
a reality [71,72]. The population most likely to benefit from bridging to recovery is patients
with idiopathic dilated cardiomyopathy (IDC). In a recent report by Hetzer and colleagues,
they report on the midterm follow-up of patients, all with IDC, who underwent removal
of their LVAS [73]. Thirty-five percent of their patients with IDC (23 of 65) underwent
elective explantation of the LVAD after mean assist duration of 5 months. Removal of
the LVAS was performed when cardiac function was restored as determined by echocardio-
graphic measurement of left ventricular ejection fraction and left ventricular internal diam-
eter in diastole. Fifty-seven percent (13 of 23) have experienced a lasting recovery with
a mean follow-up of 23 months. Lasting cardiac recovery after explantation was related
to patients with a shorter history of heart failure and a more rapid recovery during the
unloading period [73]. In contrast to this report, Mancini and co-workers report that only
8% of their patient population with IDC were explant candidates based on exercise testing
[74].

Weaning from cardiac assist devices appears to be feasible in a very select group
of patients. Identifying reliable predictors of myocardial remodeling, application of the
appropriate modalities to predict the timing and efficacy of explantation, and assessing
the degree and durability of recovery are critical questions that need to be further evaluated.
Further elucidation of the cellular and molecular changes that occur in the myocardium
after mechanical unloading will allow implementation of additional therapeutic strategies
aimed at complete myocardial recovery.

CARDIAC TRANSPLANTATION

Historical Overview

Cardiac transplantation has evolved over a century with Alexis Carrel and Charles Guthrie
performing the first heterotopic heart transplant in a dog in 1905 [75]. Twenty years later
Frank Mayo described a ‘‘biological incompatibility between donor and recipient’’ that
become known as transplant rejection [76]. In 1967, Christian Barnard performed the first
human heart transplant [77] and 3 days later, the first American heart transplant was
performed in a 17-day-old baby using hypothermic circulatory arrest [78]. In 1968, Norman
Shumway at Stanford performed the fourth human heart transplant, which initiated a
clinical program that has been instrumental in developing heart transplantation as it is
known today [78]. Due to the enthusiasm surrounding these initial procedures, 102 trans-
plants were performed in 1968. However, disappointing results reduced this number by
half in 1969, and a moratorium on heart transplantation was imposed. Shumway and his
colleagues eventually lead the way for the reemergence of cardiac transplantation in the
late 1970s. The introduction of the transvenous endomyocardial biopsy technique for
monitoring rejection by Philip Caves and Margaret Billingham [79] and the use of cyclo-
sporine facilitated successful cardiac transplantation in the early 1980s, with more than
100 heart transplants performed in 1981 [80]. The International Society for Heart and
Lung Transplantation (ISHLT) now consists of a registry compiling data from more than
223 centers in 18 countries worldwide representing more than 61,000 heart transplant
recipients [81].
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Cardiac Transplant Recipient

Indications for transplantation

The benefits of transplantation are obvious; what is less obvious is which patient is a
transplant candidate and when should that patient be transplanted. The survival benefit of
cardiac transplantation compared with conventional heart failure treatment has never been
tested in a prospective, randomized trial. The early experience at Stanford included 109
patients with a 1- and 2-year survival of 52% and 43%, respectively [82]. Of the 40 patients
selected for transplantation for which donors did not become available, 38 died in less
than 6 months. With these data, the Stanford group concluded that cardiac transplantation
prolonged survival and returned patients to active lives [82]. More recently UNOS (United
Network of Organ Sharing) data has demonstrated that patients at greatest risk from dying
of heart failure have a survival benefit after cardiac transplantation [83]. It has not been
established however if cardiac transplantation prolongs life or improves quality of life for
patients at low risk of dying.

The major diagnoses leading to heart transplantation as reported by the ISHLT are
idiopathic dilated cardiomyopathy (44%) and ischemic cardiomyopathy (41%) (Fig. 10)
[81]. The known causes of dilated cardiomyopathy include infectious (viral), inflammatory,
toxic, metabolic and familial etiologies. Infrequent indications for transplantation include
intractable angina, refractory malignant ventricular arrhythmias, cardiac tumors and car-
diac failure secondary to valvular or congenital heart disease.

Cardiac transplantation is for patients with end-stage heart disease that have failed
or cannot tolerate medical or surgical therapy. Recipients typically have NYHA class III
or IV symptoms despite optimal medical therapy and their prognosis for 1-year survival
without transplantation is less than 50%. Measurement of oxygen consumption (VO2)
during maximal exercise is an objective and reproducible means to risk stratify patients
with heart failure. Patients with a peak VO2 greater than 14 ml/kg/min have a 1-year
survival of approximately 94%, allowing transplantation to be safely deferred [84–86].
Left ventricular ejection fraction is also measured to assess timing of transplantation but
this has greater limitations. Those with ejection fractions less than 20% are typically
deemed appropriate for transplantation, but ejection fraction does not predict functional
capacity whereby very dyskinetic hearts can remain well compensated for long periods.
Therefore, ejection fraction less than 20%, reduced maximal VO2 (�14 ml/kg/min) as
well as reduced serum sodium (�135 mEq/dL), high pulmonary capillary wedge pressure
(�25 mmHg) and elevated plasma norepinephrine (�600 pg/ml) have all been proposed
as objective guidelines that indicate poor survival for patients if left untransplanted
[84–87]. The Thoracic Organ Transplantation Committee of UNOS have proposed guide-
lines for placing patients on the waiting list as outlined in Table 2 [88]. Conversely,

Figure 10 Diagnosis in adult heart transplant recipients as reported to the registry of the
ISHLT.
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Table 2 Guidelines for Placing Patients on the Waiting List for Cardiac Transplantation

Heart Failure
Cardiogenic shock or low-output state with reversible end-organ dysfunction requiring mechanical

support
Low-output state or refractory heart failure requiring continuous inotropic support
Advanced heart failure signs and symptoms (New York Heart Association class III and IV) with

objective documentation of marked functional limitation
Recurrent or rapidly progressive heart failure symptoms unresponsive to maximized vasodilators and

diuretics
Refractory Angina Pectoris
Severe ischemic symptoms consistently limiting day-to-day activity and not amenable to

conventional revascularization, with objective evidence for angina pectoris and extensive
myocardial ischemia after optimization of medical therapy

Recurrent unstable myocardial ischemic syndromes requiring multiple hospitalizations unable to
undergo conventional revascularization

Life-threatening Refractory Ventricular Arrhythmia
Recurrent symptomatic life-threatening ventricular arrhythmias that cannot be controlled by all

appropriate conventional medical and surgical modalities
Prolonged periods of documented electromechanical disassociation following AICD conversion of

ventricular tachycardia or ventricular fibrillation to normal sinus rhythm
Cardiac Tumor
Tumor confined to the myocardium

patients that should not be immediately transplanted are those with peak VO2 greater than
14 ml/kg/min without other indications, those with left ventricular ejection fraction �20%
alone, those with a history of NYHA class III or IV symptoms alone, or ventricular
arrhythmias only [88,89]. In patients with advanced left ventricular dysfunction (EF �
30%) and a prior myocardial infarction, prophylactic implantation of a defibrillator im-
proves survival and should be considered as a recommended therapy [90]. Patients should
be continuously reevaluated by the transplant team so that the potential for improved
quality of life is not lost.

Cardiac Transplant Recipient Selection

The evaluation of a potential cardiac transplant recipient is performed by a multidiscipli-
nary team of transplant surgeons, cardiologists, psychologists, and social workers. Eligibil-
ity criteria need to be strictly followed in order to ensure an equitable, objective, and
medically justified allocation of a very limited donor pool. The traditional eligibility criteria
include age less than 65 years, absence of major noncardiac comorbidities, compliance
with medical therapy, and psychosocial stability. Contraindications to cardiac transplanta-
tion are not easily categorized and many of the traditional contraindications listed in Table
3 have changed.

Age is the most controversial criteria for transplantation whereby many studies have
indicated that older age is a risk factor in cardiac transplantation [91–93]. In particular,
patients older than 55 years with a pretransplant diagnosis of ischemic cardiomyopathy
have been reported to be at a particularly high risk for death with a 5-year survival rate
of 56% as compared with 78% for younger patients [92]. In contrast, both Stanford and
the Cleveland Clinic, using careful selection criteria, have not found age to adversely
impact survival and have reported 5-year survival rates as high as 80% for both young
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Table 3 Traditional Contraindications to Heart
Transplantation

Age �65 years
Systemic illness with a poor prognosis
Myocardial infiltrative and inflammatory disease
Irreversible pulmonary arterial hypertension
Irreversible pulmonary parenchymal disease
Acute pulmonary parenchymal disease
Severe peripheral and/or cerebrovascular disease
Irreversible renal dysfunction
Irreversible hepatic dysfunction
Active peptic ulcer disease
Active diverticular disease
Insulin-dependent diabetes with end-organ damage
Active infection
Psychosocial instability
Severe obesity
Severe osteoporosis

and old recipients [91,93]. In addition, some have found a decreased incidence of rejection
events in older transplant recipients [94]. Emphasis on physiological rather than chronolog-
ical age must, therefore, be considered during the selection process.

Pulmonary vascular hypertension has been identified as an independent predictor
of mortality. Earlier ISHLT data indicated that increased PVR correlated with mortality
after cardiac transplantation [95]. More recently, it has been reported that accurate testing
of pharmacologic reversibility of pulmonary hypertension has permitted a significant de-
crease in postoperative morbidity and mortality [96–98]. In pediatric heart transplantation,
pulmonary hypertension leading to donor right ventricular dysfunction remains a major risk
factor associated with poor outcomes [99–101]. Fortunately, experience with pulmonary
vasodilators in children demonstrating pharmacologic reduction in pulmonary vascular
resistance is increasing and favorable results have been reported [99,100].

Other than cardiac disease, transplant recipients should in general be free of other
end-organ dysfunction. A systemic illness with a poor prognosis and severe lung disease
are definite exclusion criteria. Although irreversible renal and liver dysfunction alone
exclude a patient from transplantation, many transplant centers will now evaluate patients
for a combined heart-kidney or heart-liver transplant.

Diabetes mellitus causes many concerns relative to transplantation, including wound
healing, hyperglycemia, and steroid use, compounded renal insufficiency and neural toxic-
ity due to immunosuppressive drugs. Controversy exists as to whether survival of patients
with and without diabetes is comparable [102,103]. Concurrent use of insulin is reported
to have no effect on survival, and the rates of infection and acute rejection do not appear
to differ from those recipients without diabetes [103]. Currently, most programs would
be cautious transplanting diabetic patients with end organ damage until more long-term
outcomes become available.

Very few data are available for patients with HIV, hepatitis B and C disease. HIV
remains a contraindication to transplantation but hepatitis is controversial. In a recent
study concerning hepatitis B, it was found that new onset of clinical liver disease was
common posttransplantation in antigen-positive patients with the majority of deaths due
to hepatitis B infection [104]. In contrast, hepatitis C does not seem to carry such significant
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Table 4 Modified Recipient Contraindications to
Heart Transplantation

Absolute Contraindications

Severe irreversible pulmonary hypertension (� 6 Wood units)
Active systemic infection
Active systemic disease with poor prognosis
Active gastrointestinal bleeding

Probable Contraindications

Irreversible renal and/or hepatic dysfunction
Hepatitis B positive serology
HIV positive serology
Active alcohol or drug abuse
Recent pulmonary infarction
Peripheral vascular or cerebrovascular disease
Psychosocial instability and lack of compliance

Potential Contraindications

Hepatitis C positive serology
Chronic obstructive pulmonary disease
Renal insufficiency
Hepatic insufficiency
Peptic ulcer disease
Diverticular bowel disease
Active or recent malignancy
Diabetes mellitus
Excessive obesity

implications posttransplantation although significant long-term experience is lacking
[105]. With advanced medical therapy and clinical experience evolving, contraindications
to cardiac transplantation should be considered as absolute, probable and potential contrain-
dications as outlined in Table 4.

Donor selection

Absolute donor criteria typically include ABO compatibility, age less than 55 years, and
absence of prolonged cardiac arrest, hypotension or thoracic trauma, underlying structural
cardiac disease, sepsis, extracranial malignancy or positive HIV serology. Size mismatch
between donor and recipient should ideally be less than 25%. Echocardiographic evaluation
is used for evaluating ventricular function and intracardiac pathology. Coronary artery
angiography is indicated in men older than 45 and women older than 50 years and for
donors with significant risk factors for coronary artery disease. The ultimate determination
of suitability is made after direct visualization of the heart.

The number of donor hearts available continues to limit cardiac transplantation.
Recently, a consensus conference report was published to provide recommendations to
improve the evaluation and successful utilization of potential cardiac donors and Table 5
outlines these recommendations [106]. Transplant programs have subsequently expanded
their donor criteria to age greater than 55 years, hepatitis B and C positive serology,
reduced ventricular function and inotropic support being only relative contraindications
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Table 5 Recommendations to Improve Donor Evaluation and Utilization

Age � 55 years can be used selectively
A normal sized 70 kg heart is suitable for most recipients
Hepatitis C positive and hepatitis B virus (core IgM negative) may be used in high-risk recipients
Left ventricular hypertrophy less than 13 mm does not preclude transplantation
Valvular abnormalities should be assessed as repairable after explanting the heart
Coronary angiograms may not be necessary in every patient over 45 years if low risk
Elevated cardiac enzymes without evidence of cardiac dysfunction does not preclude donation

to donation [107,108]. A system of donor and recipient risk matching has therefore evolved
[109]. ‘‘Alternative recipients’’ are high-risk recipients, with probable or potential con-
traindications to transplantation that are deemed suitable to receive marginal donor hearts.
Marginal donors may have coronary artery disease, high-risk behavior, hepatitis seroposi-
tivity, decreased left ventricular fraction, high inotropic requirement, left ventricular hyper-
trophy or be over 55 years.

Medical management of the donor is complicated by the physiological phenomenon
of brain death and the need to coordinate procurement of multiple organs. Poor resuscita-
tion and management results in poorly functioning allografts. Hypothermia is the most
important component of organ preservation and is considered essential to the procurement
procedure. At the time of organ procurement, a bolus of ice-cold cardioplegia solution is
administered proximal to the aortic cross clamp. Rapid topical cooling of the heart is
achieved with cold saline poured into the pericardial well. The heart is explanted quickly
and placed into sterile bowel bags, filled with cold saline inside an airtight container. This
technique allows for ‘‘safe’’ ischemic period of 4 to 6 hours. With these time constraints,
careful consideration of the timing of the explant must be made by the donor surgeon.
Sufficient time is required for the recipient surgeon to prepare the recipient particularly
in the case of a redo sternotomy, which requires up to 90 minutes lead time before returning
with the donor heart.

Operative Techniques

Drs. Lower and Shumway described the key technical aspects of successful orthotopic
cardiac transplantation in 1960 and now more than 40 years later it mirrors the technique
of choice [110]. Both the donor and the recipient hearts are removed by transecting the
atria at the midatrial level, leaving the pulmonary venous connections to the left atrium
intact in the posterior wall and transecting the aorta and pulmonary valves just above their
respective valves.

In recent years, there has been a move to alter the surgical technique to leave the
donor atria intact and make the anastomosis at the level of the superior vena cava and the
inferior vena cava, which is referred to as the bicaval anastomotic technique. (Fig. 10)
This change in technique was instigated in an attempt to preserve as much donor atrium
as possible so to decrease the requirement for pacemaker placement due to donor sinus node
dysfunction, lessen atrioventricular valve regurgitation and also facilitate endomyocardial
biopsies [111,112].

The transplant operation begins with line placement and patient preparation. After
performing a median sternotomy, cannulation of the recipients’ aorta and vena cavae
is performed, as with any standard cardiac surgery procedure. Variations particular to
transplantation include snaring of both vena cavae and insertion of the aortic cannulae
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Figure 11 Bicaval technique in adult heart transplant recipient. After the left atrial anasto-
moses, the superior and inferior vena cavae are anastomosed in an end-to-end manner
followed by the aortic and pulmonary anastomoses.

high on the recipient aorta. The recipient heart is excised only after the donor heart is
visualized and deemed appropriate for transplantation.

The left atrial anastomosis is performed first, followed by the superior and inferior
vena cava anastomosed to the right atrium (Fig. 11). The heart is continuously bathed in
ice-cold saline during the implantation and a cold line is placed in the left ventricle for
endomyocardial cooling. The pulmonary artery anastomosis is then performed with the
cross-clamp on, followed by the aortic anastomosis. With the completion of the pulmonary
artery anastomosis, the tapes around the vena cavae are released, allowing blood to flow
into the lungs and, with concomitant ventilation, to displace air from the left side of the
heart. Carbon dioxide is also continuously pumped into the field to reduce air in the heart.
In general, 3.0 or 4.0 polypropylene sutures are used in a running fashion for all of the
vascular anastomoses. Before the aortic anastomosis is completed, agitation of the left
atrium and ventricle is performed to further dislodge air from the heart. A leukocyte
filtering process is completed just prior to the removal of the cross clamp. The patient is
placed in steep Trendelenburg position, and a needle vent site is created in the ascending
aorta before releasing the aortic cross clamp [113].

Post Operative Care

The care required postoperatively differs little from that of patients who undergo cardiac
revascularization or valvular surgery. Hemodynamic monitoring including a Swan-Ganz
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catheter and radial arterial line serve to facilitate care when pulmonary artery pressures
and cardiac indices are needed to treat more complex transplant recipients. Routinely,
however, central venous and arterial blood pressure monitoring suffices. Ventilatory sup-
port is weaned as tolerated and the average patient can be extubated within 4 to 6 hours
postoperatively. Early cardiac failure accounts for up to 25% of perioperative deaths of
transplant recipients, the causes of which include pulmonary hypertension and subsequent
right heart failure, ischemic graft injury during preservation and acute rejection [108].
Poor cardiac function may also be due to cardiac tamponade.

Atrial pacing or atrioventricular sequential pacing may be necessary in the early
postoperative period when AV block is usually temporary, resolving in 24 hours or less.
Dopamine infusion may also be used in an attempt to improve renal blood flow as well

Table 6 Clinically Used Immunosuppressive Agents

Agent Mechanism of Action Toxicities

Induction Immunosuppression

Maintenance Immunosuppression

Antilymphocyte/Antithymocyte
Immunoglobulin
OKT3

Interleukin-2
Receptor Blocker

Glucocorticoids

Cyclosporine

Tacrolimus

Azathioprine

Mycophenolate
Mofetil

Rapamycin

Deplete activated lymphocytes
Deplete activated thymocytes
Sequestration of CD3� T cells

Inhibits T cell activation

Anti-inflammatory

Calcineurin inhibitor
Inhibits T cell proliferation

Calcineurin inhibitor
Inhibits T cell proliferation

Purine analogue
Inhibits de novo and salvage purine

synthesis pathways
Inhibits inosine monophosphate

dehydrogenase: inhibits de novo
purine synthesis

Inhibits T cell activation? unknown
mechanism

Antibody response
Allergic reaction
Cytokine release

syndrome
Antibody response
None known

Cushingoid habitus
Glucose intolerance
Osteoporosis
Cataracts
Hypertension
Hyperlipidemia
Poor wound healing
Nephrotoxicity
Neurotoxicity
Hypertension
Gingival hyperplasia
Hyperlipidemia
Nephrotoxicity
Neurotoxicity
Hypertension
Gingival hyperplasia
Diabetes
Alopecia
Marrow toxicity
Hepatotoxicity
Hepatotoxicity
Gastrointestinal

disturbance

Hyperlipidemia
Myelosuppression
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as reduce the nephrotoxic effective of immunosuppressive therapy used early postoperative
period. The use of preoperative angiotensin inhibitors combined with prolonged cardiopul-
monary bypass times may result in substantial decreases in systemic vascular resistance
and norepinephrine or vasopressin infusions are used to improve resistance.

Elevated pulmonary artery vascular resistance following heart transplantation is usu-
ally best approached with an aggressive preventative plan. The use of nitric oxide from
the time of weaning from cardiopulmonary bypass can alleviate the strain on the right
heart and permit it time to accommodate. Phosphodiesterase inhibitors with or without
epinephrine and prostaglandin E1 may also improve pulmonary vascular resistance and
decrease the work of the right heart immediately postoperatively. A right ventricular assist
device should be considered if right heart failure persists despite aggressive medical man-
agement [114].

Immunosuppression

Successful cardiac transplantation is dependent on effective immunosuppression since
allograft rejection is the major cause of morbidity and mortality. Currently available immu-
nosuppressive agents, their mode of action and side effects are outlined in Table 6. Pres-
ently, induction therapy followed by maintenance immunosuppression with corticoste-
roids, cyclosporine, and rapamycin is used at Stanford (Table 7). Figure 12 demonstrates
the various agents employed for induction immunosuppression as reported to the registry
of the ISHLT [81]. Figure 13 portrays the maintenance immunosuppressive protocols in
place at the 1- and 5-year follow-up reports [81].

The introduction of cyclosporine, a T cell inhibitor, revolutionized solid organ trans-
plantation [80]. Cyclosporine is administered in its oral formulation 2 to 3 days after
transplantation when renal function has stabilized. The whole blood cyclosporine level
target is 325 ng/ml for 1 to 6 weeks, 275 ng/ml for 6 weeks to 3 months, 225 ng/ml for
3 to 6 months and 200 ng/ml thereafter. Despite its substantial benefits, cyclosporine is
associated with substantial side effects, including renal dysfunction, neurotoxicity and
hypertension.

If cyclosporine is not tolerated, tacrolimus is substituted. Tacrolimus’ use in heart
transplantation began in the 1990s as a rescue agent [115,116]. Tacrolimus is also associ-
ated with renal and neurotoxicity, although perhaps to a lesser degree. Seizures and cerebral
changes associated with cyclosporine can be ameliorated with the use of tacrolimus
[117,118]. Multicenter, comparative trials of tacrolimus and cyclosporine in Europe and
the United States have found that recipient survival is similar but tacrolimus is associated

Table 7 Stanford Immunosuppressive Regimen for Cardiac Transplantation

Induction Immunosuppression

Maintenance Immunosuppression

Methylprednisolone
Daclizumab

Sirolimus
Corticosteroids

Cyclosporine

500 mg IV coming off bypass
1 mg/kg coming off bypass (q2weeks for a total of 5 weeks)

2 mg per day 4 hours after Cyclosporine dose
Methylprednisolone 125 mg IV q8h for 3 doses post op
Prednisone 1.0 mg/kg divided b.i.d. Days 1–14
Prednisone Days 14� taper to off as tolerated
25 mg p.o. b.i.d. postoperative day 1
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Figure 12 Induction immunosuppression agents in adult heart transplant recipients re-
ported between January 2000 and June 2002.

with a reduced number of rejection episodes and decreased need for treatment of hyperten-
sion and hyperlipidemia [118–121].

Sirolimus is a macrolide antibiotic that is structurally similar to tacrolimus but has
a yet undefined mechanism of action. The significant potential for renal and neurotoxicity
associated with cyclosporine and tacrolimus have been attributed to their calcineurin block-
ade and are, therefore, potentially avoidable with the use of sirolimus [122,123]. In addi-
tion, sirolimus has been shown to prevent allograft coronary artery disease in animal
models [124]. Recently, Stanford has introduced sirolimus into the standard cardiac trans-

Figure 13 Maintenance immunosuppressive combinations at 1 and 5 years posttrans-
plantation reported between January 2000 and June 2002. MMF, mycophenolate mofetil;
AZA, azathioprine.
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plant maintenance immunosuppressive regimen with target blood levels of 10 to 13 ng/
ml.

Perhaps the most controversial aspect of immunosuppression in heart transplantation
is the role of induction therapy [125–130]. Induction therapy is the use of perioperative
therapy to potentially induce donor specific tolerance. The agents used include antithymo-
cyte globulin, antilymphocyte globulin, OKT3, daclizumab, and basiliximab, IL-2 receptor
antagonists (Fig. 11). The proponents of induction therapy argue that tolerance is achiev-
able given the correct conditions; opponents of induction therapy argue that an increased
potential for infectious and neoplastic complications secondary to severe immunosuppres-
sion is not warranted [125,126].

Clinical experience comparing outcomes with and without induction therapy has
revealed that survival is the same but suggests that the incidence of rejection is reduced
with induction therapy [127,128]. Interleukin 2 receptor inhibitors, such as daclizumab
and basiliximab, act by arresting the proliferation of alloreactive T cells and have been
shown effective in reducing rejection in renal transplantation [129]. Limited experience
in heart transplantation has revealed that daclizumab induction therapy safely reduces the
frequency and severity of acute allograft rejection without any notable side effects [130].
It has since been introduced into the immunosuppressive regimen at Stanford. (Table 7)

Complications of Cardiac Transplantation

Rejection: Acute and Chronic

Rejection exists in three forms: hyperacute, acute, and chronic. Hyperacute rejection is
an antibody-mediated response that occurs when preexisting antibodies bind to donor ABO
and HLA antigens upon graft revascularization. Gross inspection of the graft reveals a
mottled or dark red, flaccid allograft, and histologically has global interstitial hemorrhage
and edema without lymphocyte infiltrate. This form of rejection is most likely in a highly
sensitized recipient and typically requires biventricular support or retransplantation and
is often catastrophic [131].

Acute rejection is a T-cell mediated response. In a nonsensitized host, it is rare to
see acute rejection before day 5 posttransplant with the incidence being highest in the first
3 months. At Stanford, endomyocardial biopsies are taken weekly starting at week 2 for
4 weeks, every other week for 2 months, monthly for 3 months and then every other
month until the first anniversary of the transplant. Biopsies are performed yearly thereafter
or when clinically indicated and are graded according to the International Society of
Heart and Lung Transplantation (ISHLT) standardized criteria [132,133]. In the absence
of allograft dysfunction, grades 1A and 1B are not normally treated, whereas grades 2
and above are treated with corticosteroids and augmented immunosuppressive regimens
as outlined in Table 8.

Chronic rejection has proven to be the most difficult form of rejection to understand,
prevent, and treat and remains the major cause of late morbidity and mortality. Chronic
rejection is usually seen many years after transplantation but can also occur in an acceler-
ated fashion. The pathology of chronic rejection is likely a humoral process resulting in
fibrosis with loss of normal organ architecture and accelerated arteriosclerosis referred to
as cardiac allograft vasculopathy. Many factors have been implicated in the pathogenesis
of chronic rejection including organ preservation, minor and major histocompatibility
mismatches, induction immunosuppression, race, gender, cytomegalovirus infection, and
immunosuppressive regimens [134,135].
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Table 8 Acute Cardiac Transplant Rejection

Acute Cellular Grade 2 or Greater

Methylprednisolone 1000 mg IV q.d. � 3 days
Prednisone 0.6 mg/kg tapering to 0.2 mg/kg over 3 weeks

Cellular Recurrent Grade 2 or Greater

Methylprednisolone 500–1000 mg IV q.d. � 3 days
Prednisone 0.6 mg/kg with 3 week taper
RATG or OKT3
Change Cyclosporine to Tacrolimus

Cellular, Intractable

Total lymphoid irradiation 800 cGy total dose twice weekly
(Mantel and inverted Y distribution)

Infection

In the early postoperative period (�1 month) infections are attributed to continuation of
a presurgical infection, transmission by the donor allograft, and reactivation of viruses,
most notably herpes simplex virus and human herpes virus 6. Absent during this period,
despite immunosuppression, are opportunistic infections. Between 1 and 6 months after
transplantation, cytomegalovirus (CMV) and Epstein Barr virus (EBV) infection become
problematic. All endemic fungi can cause infection at this time and protection against
Aspergillus and Pneumocystis carinii are critical. Six months posttransplant, patients are
at risk for diseases similar to those in nonimmunocompromised hosts.

In an effort to reduce the incidence of infectious complications, antimicrobial prophy-
laxis regimens are followed. These regimens include ganciclovir, trimethoprim/sulfameth-
oxazole and aerosolized Amphotericin B therapy. Table 9 outlines the current antimicrobial
prophylaxis for Stanford heart transplant recipients.

Post transplant malignancy

Allograft function depends on maintaining an immunosuppressive state, which leaves
transplant recipients with a three- to four-fold increased risk of developing neoplasms
[136–138]. Apart from skin malignancies, common malignancies seen in the general popu-
lation are not increased in transplant recipients; instead, rare tumors, including posttrans-
plant lymphoproliferative disorders (PTLD) and various sarcomas, are seen. The Ep-
stein–Barr virus has been associated with PTLD, which is abnormal monoclonal B cell
proliferation, is frequently extranodal and has a predilection for brain and allograft involve-
ment [136]. Therapy includes reduction of immunosuppression, local therapy, chemother-
apy, antiviral therapy and the use of monoclonal antibodies to CD20 [138,139].

The incidence of nonmelanoma skin cancers after transplantation outweighs the
incidence of PTLD [140]. Transplant recipients tend to have a greater tendency towards
squamous cell carcinoma as compared with basal cell carcinoma, which is opposite to the
general population. Most therapy follows standard dermatologic approaches according to
the histology and the clinical stage of the disease.

Results of Cardiac Transplantation

The survival benefit of cardiac transplantation compared with medical treatment of heart
failure has never been tested in a prospective randomized trial. As noted earlier, the early
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Table 9 Antimicrobial Prophylaxis Regimen Post Cardiac Transplantation

Cytomegalovirus Prophylaxis

Donor CMV Negative Donor CMV Positive

Recipient CMV Negative No treatment DHPG Prophylaxis
34 days/ Cytovene/
Cytogam

Recipient CMV Positive DHPG Prophylaxis DHPG Prophylaxis
24 days 24 days

DHPG (Ganciclovir IV)
24 Day Regimen: 5 mg/kg IV b.i.d. for 14 days

6 mg/kg IV q.d. for 10 days
34 Day Regimen: 5 mg/kg IV b.i.d. for 14 days

6 mg/kg IV b.i.d. for 20 days
Cytovene (Ganciclovir PO)
1000 mg PO TID for 6 weeks
Cytogam (IgG Gamma Globulin)

Within 72 hours posttransplant: 150 mg/kg
Weeks 2, 4, 6, 8 posttransplant: 100 mg/kg
Weeks 12 and 16 posttransplant: 50 mg/kg

Pneumocystis Carinii Pneumonia Prophylaxis
Bactrim SS 1 tablet q.d. for life
If Bactrim allergic: Pentamidine 300 mg nebulized Q month
Aspergillus Prophylaxis
Amphotericin B aerosolized:20 mg b.i.d. while hospitalized

Stanford experience provided evidence for improved survival posttransplant [82]. The
24th American College of Cardiology Bethesda Conference on Cardiac Transplantation
recommended heart transplantation as the gold standard of treatment of patients with
refractory advanced heart failure [141].

The Stanford experience has since been reexamined with 1-, 5- and 10-year survival
rates of 85%, 68% and 46%, respectively, likely as a result of three decades of clinical
experience [142]. The UNOS and ISHLT database have reported 1-, 5- and 10-year survival
rates of 83%, 70% and 50% respectively [81]. Heart transplant actuarial survival curves
and calculations as reported to the registry of the ISHLT are shown in Figures 14 [81].
Similar results have been reported by transplant groups worldwide [143–145]. The inci-
dence of rejection and death from infection and allograft coronary artery disease have
decreased over time likely due to improvements in immunosuppression and treatment of
infection.

When comparing U.S. cardiac transplantation with European transplantation, it has
been found that U.S. recipients were more likely to be on ventricular assist devices or
inotropes preoperatively compared with European recipients. Also, living donor (domino)
transplants, which are virtually nonexistent in the United States, make up 7% of UK
transplants [144]. The long-term outcomes of retransplanted recipients are comparable
with that of recipients undergoing their first transplant in some series, but inferior to initial
transplant in other series, especially in patients with cardiac allograft vasculopathy [146].

Risk factors for poor outcomes after cardiac transplantation have been investigated
by many groups [49,147]. The ISHLT Registry analysis has reported the need for extracor-
poreal membrane oxygenation and mechanical ventilation as the top risk factors for poor
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Figure 14 Actuarial survival for adult heart transplants performed between January 1982
and June 2001. Conditional half-life is the time to 50% survival for those recipients surviving
the first year posttransplantation.

outcomes [81]. Adults with congenital heart disease, a previous transplant, ventricular
assist device, diagnosis of ischemic cardiomyopathy, and male recipient of a female donor
heart have all been reported to affect 1-year mortality. Table 10 demonstrates the risk
factors for mortality within 1 year for adult heart transplants as reported to the registry
for the ISHLT [81].

The cause of death amongst cardiac transplant recipients varies according to the
posttransplant time period [81]. The largest single cause of death during the first 30 days
is due to primary failure and acute rejection during the ensuing 11 months (Fig. 15). From
1 to 3 years posttransplant, infection, rejection, malignancy, and allograft coronary artery
vasculopathy are equally responsible for recipient death. After year 3, malignancy and
allograft coronary artery vasculopathy are the most common causes of death after adult
heart transplantation (Fig. 15) [81].

Table 10 Risk Factors for 1-Year Mortality following Heart Transplantation (1996–2001) in
Descending Order of Magnitude

Variable Odds Ratio 95% Confidence Interval P-value

ECMO 3.00 1.32–6.85 0.009
Ventilator 2.94 2.23–3.86 �.0001
Diagnosis: CHD 2.34 1.66–3.31 �.0001
IABP 1.53 1.21–1.94 0.0005
Previous Transplant 1.50 1.10–2.06 0.01
VAD 1.45 1.25–1.69 �.0001
Male recipient/female donor 1.18 1.05–1.33 0.005

CHD: congenital heart disease; ECMO: extracorporeal membrane oxygenator support; IABP: intra-aortic balloon
pump; VAD: ventricular assist device
Source: Ref. 96.
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Figure 15 Risk factors for mortality in adult heart transplant recipients performed between
January 1992 and June 2002.

Future of Transplantation

Xenotransplantation, as the future of heart transplantation, has been thwarted by multiple
challenges, including ethical, infectious, physiological and immunologic obstacles [148].
The physiologic and immunologic obstacles were approached first, and limited success
has been realized [149,150]. At present the pig appears to be the most realistic source of
organs but further research is required [148–150]. The concern for zoonotic infections
and social acceptance of xenotransplantation will be future obstacles to overcome.

Cell transplantation is one of the newest treatment modalities proposed to improve
patients with cardiac failure (Chapter 25) [151]. Experimental data have shown that the
implantation of contractile cells into fibrous postinfarction scar allows the myocardium
to regain functionality. Autologous skeletal myoblasts have been tested but other cell types
can be considered including bone marrow and hematopoietic stem cells [152]. Recent
reports describe a novel contractile bioartificial tissue that can be engineered in vitro that
holds promise for use in reconstructive heart surgery [153].

SUMMARY

Cardiac transplantation is definitive therapy for end-stage heart failure. Absolute numbers
of transplants performed is limited by donor supply; ways in which to expand donor criteria
are being actively sought. Immunosuppression is required for all transplant recipients but
is associated with toxicity and infectious and neoplastic complications. Ongoing research
on how to improve immunosuppressive drugs and regimens will potentially reduce the
associated morbidity. Chronic rejection continues to be the limiting factor in long-term
outcomes. Currently the half-life of a transplant recipient is approximately 10 years with
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the longest living transplant recipient having survived 25 years posttransplant [81]. Clearly,
the realm of cardiac transplantation has yet to be perfected, but tremendous strides have
been made over 30 years of experience.
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SUMMARY

Heart failure is a major cause of morbidity and mortality in the Western World, and as the
population ages, the disease burden will continue to increase. Even though current treatments
for heart failure have made significant progress in prolonging the survival of patients with
heart failure, complete correction of ventricular function is still elusive in the treatment of
heart failure. With the advent of novel intracellular targets involving cell contractility and
survival, and increasingly efficient gene transfer methodologies, gene-based therapies are
emerging as promising therapeutic strategies in patients afflicted with heart failure. Both
viral and nonviral vector systems have been developed and continue to undergo improve-
ments for gene delivery in the heart. Major advances in transcript analysis will ensure that
many molecular targets will be available in the near future for targeting. In this chapter, we
will provide an overview of gene delivery systems and vectors along with a number of targets
that have had promising results in animal models of heart failure.

INTRODUCTION

Congestive heart failure (CHF) represents an enormous clinical problem demanding effec-
tive therapeutic approaches. Despite advances in approaches to its treatment, including
novel pharmacologic management, myocardial revascularization, mechanical assist, and
transplantation, CHF remains a leading cause of death in the United States and Europe
[1,2]. Even though new treatments for congestive heart failure have had a significant
impact on mortality and the course of the disease, they do not reverse or cure the underlying
pathological state of the heart. The cells and microcirculation that make up the failing
heart contribute to the contractile dysfunction are shown in Figure 1. The contributions
of the microcirculation and fibroblasts to the phenotype of the failing heart are beyond the
scope of this review [3,4]. Within the failing heart, there are many types of cardiomyocytes,
including ones that have undergone either apoptosis or necrosis, diseased cardiomyocytes
that are characterized by contractile dysfunction, and nondiseased cardiomyocytes that
are exposed to neurohormonal stimulation and are at risk of becoming dysfunctional or
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Figure 1 Cardiomyocytes, fibroblasts and microcirculation that make up the failing heart
contribute to the contractile dysfunction observed in systolic heart failure. Within the failing
heart, there are many types of cardiomyocytes, including ones that have undergone either
apoptosis or necrosis, diseased cardiomyocytes that are characterized by contractile dys-
function, and nondiseased cardiomyocytes that are exposed to neurohormonal stimulation
and are at risk of becoming dysfunctional or undergoing necrosis and apoptosis.

undergoing necrosis and apoptosis [5]. We have focused on using gene transfer to restore
the diseased cardiomyocytes in order to improve contractile function and survival in failing
cardiac myocytes [5]. Targets for gene transfer include membrane channels, intracellular
transporters involved in calcium homeostasis, and other intracellular pathways involved
in cell survival. The myopathic heart has a number of abnormalities that have been charac-
terized at the cellular level, including changes at the level of the sarcolemma, sarcoplasmic
reticulum, myofilaments, and mitochondria, all of which contribute to depressed contractile
function and reserve. Identifying the mechanisms by which these changes contribute to
the observed pathology is frequently confounded by simultaneous alterations in multiple
signaling pathways in the complex milieu of the failing or myopathic heart. For this
reason, gene transfer has the potential to alter our approach to understanding these different
mechanisms in heart failure in two distinct, yet related, ways. First, the ability to genetically
reprogram the heart in relevant in vitro and in vivo models of cardiovascular disease allows
us to test the role of the specific restored molecular pathways in disease pathogenesis.
In this way, mechanistic hypotheses can be tested and potential targets for therapeutic
intervention can be identified. Gene transfer allows us to rapidly translate the latest devel-
opments in molecular and cell biology into clinically relevant models. Once validated, a
potential target can be approached with the full spectrum of therapeutic options, including
traditional pharmaceuticals, targeted synthesis of small molecule agonists or antagonists,
biological agents (cells, antibodies, genetic material), or gene-based therapy. Undoubtedly,
lessons gleaned from gene transfer experiments about local modulation of cardiac genetic
programs will better guide attempts to transform early investigations into established
therapy.

VECTORS FOR CARDIAC GENE DELIVERY

Vectors available for gene transfer have recently improved significantly [6,7]. A growing
number of vectors are available for experimental and clinical gene transfer experiments
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Table 1 Vector Systems for Gene Transfer

Duration of
Expression Advantages Disadvantages

Naked DNA

Adenovirus

Adeno-Associated
Virus

Lentivirus
(pseudo-typed
virus)

Herpes
virus/Amplicor

4–7 days

7–28 days

Onset of expression
at 4 weeks; long-
term expression
(? lifelong)

Longterm
(? lifelong)

10–20 days

No viral proteins

High titer, high
efficiency and
level of transgene
expression

Long-term expression
Evokes minimal

immune response
in host

Long term expression
High efficiency

Large transgenes

Low efficiency, low level
transgene expression that is
transient

Transient expression,
immune/inflammatory
response of host

Large-scale production remains
difficult

Limited insert size
Integration can cause

insertional mutagenesis
and/or adverse activation of
neighboring genes

Large-scale production remains
difficult

Integration can cause
insertional mutagenesis
and/or adverse activation of
neighboring genes

Potential biosafety concerns
because of relationship to
HIV strains

Complex construction

[8] as shown in Table 1. Moreover, many of these systems are not applicable to cardiac
gene transfer, which requires in vivo gene transfer (in contrast to ex vivo transduction of
cells) to cells that are generally not replicating. For these reasons, discussion will focus
on the systems most relevant to cardiac gene transfer.

Plasmid DNA

Plasmid DNA is often referred to as ‘‘naked DNA’’ to indicate the absence of a more
elaborate packaging system. Over the past decade, multiple investigators have demon-
strated the ability of the heart to take up and express genes directly injected as plasmids.
A major advantage of this approach is that it avoids many of the biosafety concerns
associated with viral vectors. However, in general the level of transgene expression and
the efficiency of gene transfer (per cent of target cells expressing the transgene) are substan-
tially lower with unmodified plasmid DNA than with more elaborate chemical or biological
packaging systems. Whether the expression level and efficiency are adequate to achieve
the experimental or clinical goals will depend on the particular application. For example,
expression of secreted angiogenesis factors after muscle injection of plasmid DNA, despite
relatively low levels of focal transgene expression, has demonstrated significant biological
effects in animals models [9–11] and appears promising clinically. However, efforts to
more directly target cardiac dysfunction have generally focused on gene transfer ap-
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proaches that achieve more effective transgene expression, such as the viral vectors consid-
ered in the following text.

Adenoviruses

Recombinant adenoviral vectors offer several significant advantages for cardiac gene trans-
fer. The viruses can be prepared at extremely high titer, infect nonreplicating cells, and
confer high-efficiency and high-level transduction of cardiomyocytes in vivo after direct
injection or perfusion approaches [12]. The major disadvantages to adenoviral gene transfer
have been its transience and the immune response it evokes. In animal models, adenoviral
gene transfer to adult myocardium in vivo has generally been found to mediate high-level
expression for approximately 1 week [12–15]. Importantly, the immune response evoked
does not appear to require transgene expression in professional antigen-presenting cells
[16]. It does appear feasible to mitigate the inflammatory response and prolong transgene
expression through a variety of other strategies. For example, further attenuation of adeno-
viral gene expression either through incorporation of specific mutations in additional early
adenoviral genes, as in so-called ‘‘second generation’’ vectors [17] or recombinase-me-
diated deletion of virtually all the viral genes, as in ‘‘gutless’’ vectors [18], have both
been reported to attenuate the host immune response and prolong transgene expression.
Conversely, retention of some specific adenoviral genes involved in minimizing the inflam-
matory response are ordinarily deleted to make room for the transgene, may also help.
For example, Wen and colleagues found that inclusion of the adenoviral E3 region in gene
transfer vectors reduced vascular inflammation and neointima formation after arterial gene
transfer in vivo [19]. However, little information is currently available about the long-
term effects of such modified vectors in the cardiovascular system and large-scale, clinical-
grade production of some of these vector designs remains problematic.

Adeno-Associated Viruses

Recombinant adeno-associated viruses (rAAV) are derived from nonpathogenic parvovi-
ruses, evoke essentially no cellular immune response, and produce transgene expression
lasting months in most systems [20–22]. They appear promising for sustained cardiac
gene transfer [6,22,23]. In comparison with adenoviral gene transfer, cardiac injection of
rAAV produces less initial but more sustained transgene expression [6,22,23]. rAAV
vectors appear particularly promising for sustained expression of secreted gene products.
Whether the expression level and efficiency produced by rAAV will also be sufficient to
modulate overall cardiac function, as has been achieved with adenoviral vectors [24],
remains to be seen. Although systems for initial generation and purification of rAAV have
improved, large scale production for clinical applications remains challenging.

Lentiviruses

Lentiviruses are derived from a family of retroviruses that includes human immunodefi-
ciency virus, and feline immunodeficiency virus. These viruses are have enveloped capsids
and a plus-stranded RNA genome. As with other retroviruses, the RNA genome is con-
verted to DNA by reverse transcriptase after infection and is then stably integrated into
the host genome. However, unlike retroviruses that only infect dividing cells, lentiviruses
can infect both dividing and nondividing cells. Lentiviruses have specific tropisms that
restrict their targets. However, by pseudotyping the viral envelope with the envelope from
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vesicular stomatitis virus, lentiviruses have a much broader range. Importantly, lentiviral
vectors have the ability, in contrast to standard retroviral vectors, to transduce both dividing
and nonreplicating cells, critically important for cardiac gene transfer. As with other retrov-
iruses, however, lentiviruses usually integrate into the host chromosomes, promoting stable
transgene expression but potentially also inducing adverse effects through insertional muta-
genesis or transactivation of neighboring genes [25,26]. Success with lentiviral gene trans-
fer was first reported for HeLa cells and fibroblasts in vitro, as well as neurons in vivo
[27,28]. Subsequently, lentiviral gene transfer has been reported in a wide variety of cell
types, including cardiomyocytes [29–32].

Herpes Virus/Amplicons

Herpes Simplex 1 has a number of characteristics that make it a valuable gene delivery
vector in vivo. There are two types of HSV-1 based vectors: (a) those produced by inserting
the exogenous genes into a backbone virus genome, and (b) HSV amplicon virions, which
are produced by inserting the exogenous gene into an amplicon plasmid that is subsequently
replicated and then packaged into virion particles. HSV-1 can infect a wide variety of
cells both dividing and nondividing but has strong tropism towards nerve cells. It has a
very large genome size and can accommodate very large transgenes (�35 kb). In cardiovas-
cular gene transfer, ryanodine receptors and titin (both very large proteins) have been
successfully encoded in herpes viruses [33].

Concerns and Limitations

The biological advantages and limitations of the viral vectors have been detailed in the
previous text and in Table 1. These vectors have also been used clinically with variable
success. Through these early clinical experiences, a concerning number of complications
have occurred. The most widely publicized case was that of Jesse Gelsinger. Gelsinger
was a 17-year-old patient with partial ornithine transcarbamylase (OTC) deficiency, an
X-linked defect of the urea cycle in which nitrogen metabolism is affected leading to a
spectrum of neurological symptoms including seizures and mental retardation [34]. Ther-
apy for the condition relies on alternative substrate administration, but mortality rates with
the disease are high. Following the administration of an adenovirus carrying OTC, Gel-
singer developed acute respiratory distress syndrome (ARDS) and died 2 days later of
multiple organ failure. Measurements of inflammatory cytokines suggested that the vector
had caused systemic inflammatory response syndrome and suggested that activation of
the complement cascade may have played an important role [35,36]. This case illustrated
that the immune response mounted against the viral vectors not only limits the efficiency
of such vectors but can have catastrophic consequences.

Cardiac gene delivery

A number of mechanical approaches have been used to transduce myocardium using
adenoviral vectors. Techniques used have included intracoronary catheter delivery, direct
injection into the myocardium, intraventricular delivery with retroinfusion of the coronary
vein, and injection of adenovirus into the pericardial sac [14,37–40]. Most of these ap-
proaches lead to focal transduction of the myocardium, with viral expression in only
specified regional areas of the heart. This may not be adequate in heart failure where
effective therapy may requires generalized transduction of the heart. More recently, a new
technique for cardiac gene delivery has been developed in rodents that involves injecting
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adenovirus into the aortic root just above the aortic valve, while the aorta and pulmonary
artery are transiently cross-clamped [37]. This technique achieved relatively homogeneous
and diffuse transduction of the myocardium, and has also been shown to produce transgene-
specific physiological effects on ventricular function in vivo. More recently, the cross-
clamping technique was extended to hamsters where cooling the animals allowed pro-
longed cross-clamping (�5 minutes) and better efficiency of gene transfer [41]. Further
animal studies have established that in vivo adenoviral gene transfer can not only achieve
transgene expression in the myocardium but also modulate intrinsic functional properties
of the intact heart. These studies have also been extended to larger animals and have
involved retrograde perfusion through the coronary sinus and cardiopulmonary bypass
with viral perfusion to the heart. These latter approaches may be more amenable to transla-
tion into the clinical arena.

CALCIUM HANDLING IN HEART FAILURE

The myopathic heart exhibits abnormalities in both the systolic and diastolic phase.
Changes in diastolic function often appear earlier than systolic dysfunction. In fact, com-
pensated hypertrophy phenotypically demonstrates impaired relaxation parameters in the
presence of normal or increased systolic function [42]. Abnormalities in calcium handling
were noted more than 15 years ago when calcium transients recorded with the calcium
indicator aequorin from trabeculae from myopathic human hearts removed at the time of
cardiac transplantation revealed a significantly prolonged calcium transient with an ele-
vated end-diastolic intracellular calcium [43]. These defects were subsequently found in
single isolated cardiomyocytes loaded with the fluorescent indicator Fura-2 from myo-
pathic hearts [44]. The calcium transients were characterized as having elevated diastolic
calcium levels, a decreased systolic Ca2�, and prolonged relaxation phase. Studies both
in muscle strips and isolated cardiomyocytes found that systolic calcium concentration
were decreased in the failing state, while diastolic calcium concentration were elevated
[44]. These differences were accentuated at higher stimulation rates.

The slow relaxation and abnormal force-frequency relationship observed in isolated
muscles as well as in isolated myocytes from failing hearts, suggest a deficiency in calcium
reuptake by the sarcoplasmic reticulum (SR). Calcium transport into the SR occurs via
the SR calcium ATPase calcium pump (SERCA2a). Failing hearts have been characterized
by defects in SR function. Specifically, ‘‘relaxation abnormalities’’ correlated with defi-
cient SR Ca2� uptake have been associated with a decreased expression level of SR Ca2�-
ATPase and reduction in SR Ca2�-ATPase activity [45–49]. A number of investigators
have shown that the levels of SERCA2a message and protein to be consistently decreased
in heart failure [45–51] in relation to phospholamban. Associated with a decrease in
mRNA, there is a decrease in SR Ca2�-ATPase activity and SR Ca2� uptake from SR
vesicles and membranes isolated from failing human heart as shown in Figure 2. Indeed,
in experiments where the SR vesicles were isolated from human hearts, vesicles from
failing human hearts had decreased rates of Ca2� uptake when compared with normal
hearts. Furthermore, the SR Ca2� ATPase activity is inversely related to diastolic calcium
(Fig. 2) [45–51]. In failing hearts diastolic calcium is elevated and ATPase activity low
relative to normal hearts.

Calcium is removed from the cytosol by the sarcolemmal Na�/Ca2� exchanger,
which has high capacity but low affinity and is the major calcium extrusion mechanism
of the cardiac myocyte [52]. This system returns calcium concentrations to diastolic levels
(�100–300 nM) and may, therefore, contribute significantly to myocardial relaxation.
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Figure 2 Failing hearts are characterized by reduced SERCA2a protein levels as shown
in the upper left panel. Relative to phospholamban, SERCA2a levels are substantially de-
creased as shown in the bottom left panel. The decrease in SERCA2a activity is inversely
related to diastolic calcium as shown in the upper right panel. Throughout a large range of
calcium concentration, SERCA2a activity is decreased in failing hearts as shown in lower
right panel.

Most studies indicate that mRNA and protein levels of the Na�/Ca2� exchanger are
increased in human myopathic hearts, but not in all preparations [52–55]. Likewise, studies
find the functional capacity of the Na�/Ca2� exchanger to transport calcium is increased.
The consequence of an increased activity of the Na�/Ca2� exchanger in failing hearts
may be to compensate for the reduction in SR Ca2�-ATPase activity. Increased activity
of the Na�/Ca2� exchanger should aid in myocardial relaxation, albeit at the cost of
reduced calcium release from the SR during systole. This would be particularly evident
at higher rates of stimulation and, thus, lead to a blunted frequency response as is commonly
seen in myopathic human myocardium.

The Na�/Ca2� exchanger can operate to bring calcium into the cell or extrude
calcium out from the cell [52–56]. There is an increase in sensitivity to compounds that
produce positive inotropic effects through raised intracellular Na�, either by inhibiting
the Na/K-ATPase or by opening Na� channels, in muscle strips from failing human hearts.
It has been suggested that the relaxation abnormalities produced by the loss of SERCA2a
activity could be, at least partially, compensated for by an increase in the activity of the
Na�/Ca2� exchanger [52–58].

GENE TRANSFER OF CALCIUM HANDLING PROTEINS

Gene transfer provides a unique opportunity to manipulate the expression of essential
proteins and alter the expression of specific downstream signaling pathways implicated
in the pathogenesis of heart failure. Contractile dysfunction of the myocardium results
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from abnormalities in many subcellular mechanisms. Specifically, three major areas of
calcium handling have been targeted: the calcium handling proteins involved in excitation-
contraction coupling, potassium channels and their role in arrhythmia genesis, and abnor-
malities in neurohormonal receptors–specifically the beta-adrenoceptor signaling path-
ways as shown in Figure 3.

Adenoviral gene transfer has been instrumental in elucidating the molecular basis
of these abnormalities, and has also shown that many of these changes seen in excitation-
contraction coupling can be halted and even reversed in failing myocardium. Gene transfer
of SERCA2a, for example, has been shown to lead to an increase in SR Ca2� ATPase
activity, an increase in the amount of Ca2� released, a faster relaxation phase, and a
decrease in diastolic calcium [13,59,60]. Conversely, using gene transfer to increase phos-
pholamban relative to SERCA 2a in isolated myocytes, simulates abnormalities of calcium
handling seen in failing ventricular myocardium [12,61]. These include prolongation of
the relaxation phase of the calcium transient, a decrease in Ca2� release, and increase in
resting Ca. Furthermore, overexpressing SERCA2a can largely rescue the phenotype cre-
ated by increasing the phospholamban/SERCA2a ratio. More recently, restoration of SER-
CA2a in failing human cardiomyocytes was shown to restore the contractile function of
these failing human cells to normal as shown in Figure 4 [59]. This study validated the
premise that targeting SERCA2a by gene transfer may offer a new therapeutic modality
in patients with heart failure.

Figure 3 Excitation-contraction coupling in heart failure and molecular targets amenable
to gene therapy. Excitation of the cardiac cell induces the entry of a small amount of calcium,
which in turn causes the release of a larger amount of calcium from the sarcoplasmic
reticulum, which in turn activates the myofilaments and eventually produces force. During
relaxation, most of the calcium is taken up by SERCA2a back into the SR and a smaller
amount of the calcium is extruded outside the cell by the Na/Ca exchanger. SERCA2a is
under the endogenous control of phospholamban, a protein that when unphosphorylated
inhibits SERCA2a and when phosphorylated the inhibition is removed. The action potential
duration is also determined by the transient outward current, which is dependent on he
expression of the potassium channel (Kv4.3). In heart failure, there is a downregulation of
SERCA2a, an increase in Na�/Ca�� exchanges and a decrease in Kv4.3, which constitute
targets for molecular repair.
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Figure 4 Effect of adenoviral gene transfer of SERCA2a (Ad.SERCA2a) in failing cardiac
myocytes loaded with the fluorescent calcium indicator, Fura-2. In failing cardiac myocytes
(infected with the adenovirus carrying the reporter gene green fluorescent protein, GFP),
contraction amplitude is decreased and prolonged compared to nonfailing cardiac myocytes.
Gene transfer of SERCA2a in the failing cardiac myocytes restores contraction to normal
levels. (From Ref. 59.)

We recently investigated whether increasing SERCA2a expression can improve ven-
tricular function in a rat model of pressure-overload hypertrophy and failure. After 19 to
23 weeks of banding, during the transition from compensated hypertrophy to heart failure,
overexpression of SERCA2a restored both SERCA2a expression and ATPase activity to
nonfailing levels. Furthermore, rats infected with Ad.SERCA2a had significant improve-
ment in left ventricular systolic pressure (LVSP), �dP/dt, -dP/dt, and rate of isovolumic
relaxation normalizing them back to levels comparable to sham-operated rats [62]. Load
independent parameters of contractility also improved. More recently, transfer of SER-
CA2a in a rat model of heart failure was shown to effectively decrease mortality [13]. In
fact, survival was increased significantly in animals receiving gene transfer compared with
those who did not (63% vs. 9%) as shown in Figure 5. Furthermore, cardiac metabolism
measured by the ratio of creatine phosphate to ATP was also restored to normal. The
restoration of the energetics was surprising because enhanced contractility is associated
with increased energy demand. The fact that gene transfer of SERCA2a was not associated
with a compromise in energetics means that a beneficial remodeling occurred within the
cardiac cell restoring the metabolic machinery. The decrease in diastolic calcium seen
with restoration of SERCA 2a levels to normal has also been postulated to reduce proapop-
totic and prohypertrophic signaling (as sustained elevations of intracellular calcium lead
to activation of serine-threonine phosphatases, including calcineurin, inducing hypertrophy
and cell death).

�-ADRENERGIC SIGNALING

The �-adrenergic signaling pathway provides an important target for intervention in heart
failure. �-adrenergic signaling defects including downregulation of myocardial adrenergic
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Figure 5 Survival curves in failing rats compared with failing rats who have received SER-
CA2a gene transfer. Note the improved survival compared with failing rats who either had
no gene transfer or received the reporter gene GFP (Ad.GFP). (From Ref. 13.)

receptors, �-AR uncoupling, and an upregulation of the �-AR kinase (�24ARK1) are central
features of human and animal heart failure. In isolated ventricular myocytes from a model
of heart failure in the rabbit, adenoviral gene transfer of the human �2-AR or an inhibitor of
� ARK1 led to the restoration of �-AR signaling and an increase in cytosolic cAMP levels
[63]. More recently overexpression of an inhibitor of � ARK1 by gene transfer of a truncated
and dysfunctional�ARK1 (�ARKct) rescued function in a model of left ventricular dysfunc-
tion in the rabbit [64]. These studies along with the finding that overexpression of � ARKct
prevents the development of cardiomyopathy in a murine model of heart failure emphasize
importance of �-adrenergic signaling defects in the pathogenesis of heart failure and raises
the possibility that targeting this system may restore function in failing cardiomyocytes
[65,66]. However, stimulation of the �-adrenergic system induces an increase in intracellular
cAMP which, when sustained, can be cardiotoxic and arrhythmogenic. In fact overexpres-
sion of the �1 receptor induces fibrosis, severe left ventricular dysfunction and arrhythmias
[67]. It is possible that this mechanism may underlie the clinical observation that inotropic
interventions that increase cellular cAMP increase mortality in chronic heart failure. In fact,
a recent study found that in mice overexpressing �2-adrenergic receptors development of
heart failure was exacerbated when these mice were subjected to aortic stenosis. Moreover,
the transgenic mice had more severe left ventricular dysfunction and higher incidence of
premature deaths. Interestingly, intracoronary injection of a recombinant adenovirus encod-
ing adenylyl cyclase provided enduring increases in cardiac function in normal pigs even
though adenylyl cyclase modulates cAMP [68]. Nevertheless, the critical role of the �-adren-
ergic pathway suggests further investigation of this pathway as a target for intervention de-
spite the cautionary clinical and experimental experience of direct �-agonism. As shown in
Figure 6, a summary of the effects of overexpressing SERCA2a by gene transfer on cAMP,
intracellular calcium, arrhythmias, survival, and energetics while at the same time enhancing
contractility point toward an overall beneficial effect of this mode of inotropy over conven-
tional inotropic agents.
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Figure 6 Differences in conventional treatment for heart failure vs. targeting specifically
SERCA2a on survival, cAMP, calcium handling, energetics, and arrhythmogenic potential.

SURVIVAL SIGNALING

Cardiomyocyte programmed cell death or has been identified in a wide variety of human
cardiac disorders including myocardial infarction, congestive heart failure, dilated cardio-
myopathy, and arrhythmogenic right ventricular dysplasia [69–72]. However, although
apoptosis has been documented in many settings, quantitation of the number of apoptotic
cells in human heart disease has varied widely and the role of this process in the pathophysi-
ology of disease remains controversial [70,71]. However, multiple studies suggest that
apoptosis and the caspase proteases central to this process play a role in the pathogenesis
of cardiac disease. Transgenic cardiac expression of a ligand-activatable procaspase-8 is
causes dilated cardiomyopathy [73] that can be prevented by administration of a broad-
spectrum caspase inhibitor [74]. In addition, mice with a cardiac-specific deletion of the
gp130 cytokine receptor develop massive myocyte apoptosis and cardiomyopathy in re-
sponse to pressure overload [75]. These important studies suggest apoptosis can induce
cardiomyopathy in genetic murine models that either lack endogenous protective signaling
mechanisms (gp130 knock-out) or in which caspases are activated. However, the therapeu-
tic potential of antiapoptotic interventions in more common cardiac diseases remains in-
completely delineated. Pharmacologic caspase inhibition reduces both DNA fragmentation
and infarct size after transient ischemia [76,77]. Such studies encourage consideration of
apoptosis as a therapeutic target. However, clinically meaningful rescue of cardiomyocytes
obviously requires not only inhibition of apoptosis, but also prevention of other mecha-
nisms of cell death as well as restoration of function (as previously discussed). As presented
in the following text, evidence suggests that specific signaling pathways can mediate
favorable effects on cardiomyocyte survival and function, and thus hold promise as the
basis for therapeutic intervention.

In many systems, activation of PI 3-kinase and its downstream serine-threonine
kinase effector, Akt (or Protein Kinase B), provide potent prosurvival signals likely work-
ing through multiple downstream effectors. In cardiomyocytes, IGF-I activates PI 3-kinase
and Akt, and activation of PI 3-kinase appears necessary for the antiapoptotic effects of
IGF-I in cardiomyocytes [78]. Adenoviral gene transfer of constitutively active mutants
of both PI 3-kinase and Akt reduce cardiomyocyte apoptosis in vitro and gene transfer of
constitutively active Akt to the heart in vivo substantially reduces cardiomyocyte apoptosis
as well as infarct size after transient ischemia [79]. Importantly, Akt activation also substan-
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tially improves regional and overall cardiac function [79]. This remarkable degree of
functional rescue appears related to the ability of Akt activation to not only block myocyte
apoptosis, but also to preserve excitation-contraction coupling in surviving cells [79].
Moreover, inhibition of Akt activity with a dominant negative construct accelerates hy-
poxia-induced cardiomyocyte dysfunction, suggesting the signaling via endogenous Akt
is playing a protective role as well [79]. The clinical implication of these observations
are that the benefits of Akt activation (or similar interventions) may be even greater than
one would predict based simply on the number of apoptotic cardiomyocytes. It is possible
that apoptotic signaling contributes to overall cardiac dysfunction both through direct
loss of cardiomyocytes and dysfunction of surviving cardiomyocytes and thus may be a
particularly attractive target for therapeutic intervention.

The studies previously mentioned suggest an important role for Akt in myocyte
survival and function. However, the practical implications of this finding may be limited
by the cell autonomous nature of the protective effect. Effective therapy through gene
transfer of such a gene product would require transduction of a large number of cardiomyo-
cytes. As noted, several approaches to these appear promising and may be extrapolated
into clinical application. However, an alternative approach to modulating cardiomyocyte
survival would be to express a secreted ligand that activates these signaling pathways
locally. One example of such a ligand would be IGF-I. However, prior clinical studies
have suggested that elevated systemic IGF-I levels may be linked to an increased risk
of cancer, as well as hypotension and hypoglycemia after acute administration [80–84].
Interestingly, gene transfer of IGF-I protects cardiomyocytes from hypoxia-induced
apoptosis in both an autocrine and paracrine manner [85]. Moreover, in vivo gene transfer
of IGF-I significantly reduces infarct size after transient ischemia without increasing serum
levels of IGF-I. Thus, ultimately, local expression of a secreted prosurvival ligand may
have strategic advantages over either systemic peptide delivery or expression of down-
stream effectors.

FUTURE DIRECTIONS

Substantial progress has been made in vector technology, cardiac gene delivery, and our
understanding of heart failure pathogenesis. These advances make consideration of gene
therapy for heart failure a reasonable consideration at this time. Multiple targets are
undergoing consideration. Currently, strategies that enhance sarcoplasmic calcium trans-
port are supported by substantial evidence in both cardiomyocytes derived from patients
with heart failure and in animal models and in vivo animal studies. Initial studies evaluating
other novel targets appear promising but have not been as fully evaluated. In ongoing
efforts to target cardiac dysfunction, gene transfer provides an important tool to improve
our understanding of the relative contribution of specific pathways. In this way, specific
therapeutic targets can be validated for intervention whether pharmacologic or genetic.
However, formidable challenges remain to translating the results of these basic studies
into clinical gene therapy for heart failure. Further development of concepts established
in rodent models will be required in large animal models with clinical grade vectors and
delivery systems to evaluate both efficacy and safety of these approaches. Nevertheless,
both the practical advances in vector and delivery systems, as well as a growing insight
into the molecular pathogenesis of heart failure provide reason for cautious optimism.

REFERENCES

1. Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic implications of echo-
cardiographically determined left ventricular mass in the Framingham Heart Study. N Engl J
Med 1990; 322:1561–1566.



Targeted Gene Transfer 539

2. Cowie MR, Wood DA, Coats AJ, Thompson SG, Poole-Wilson PA, Suresh V, Sutton GC.
Incidence and aetiology of heart failure; a population-based study. Eur Heart J 1999; 20:
421–428.

3. Gavin JB, Maxwell L, Edgar SG. Microvascular involvement in cardiac pathology. J Mol Cell
Cardiol 1998; 30:2531–2540.

4. Swynghedauw B. Molecular mechanisms of myocardial remodeling. Physiol Rev 1999; 79:
215–262.

5. Hajjar RJ, del Monte F, Matsui T, Rosenzweig A. Prospects for gene therapy for heart failure.
Circ Res 2000; 86:616–621.

6. Gao GP, Wilson JM, Wivel NA. Production of recombinant adeno-associated virus. Adv Virus
Res 2000; 55:529–543.

7. Cemazar M, Sersa G, Wilson J, Tozer GM, Hart SL, Grosel A, Dachs GU. Effective gene
transfer to solid tumors using different nonviral gene delivery techniques: electroporation,
liposomes, and integrin-targeted vector. Cancer Gene Ther 2002; 9:399–406.

8. Rosenzweig A, EdVectors for Gene Therapy. New York: John Wiley & Sons 2001.
9. Isner JM. Myocardial gene therapy. Nature 2002; 415:234–239.

10. Marban E. Cardiac channelopathies. Nature 2002; 415:213–218.
11. Towbin JA, Bowles NE. The failing heart. Nature 2002; 415:227–233.
12. Hajjar RJ, Schmidt U, Matsui T, Guerrero JL, Lee KH, Gwathmey JK, Dec GW, Semigran

MJ, Rosenzweig A. Modulation of ventricular function through gene transfer in vivo. Proc
Natl Acad Sci USA 1998; 95:5251–5256.

13. del Monte F, William E, Lebeche D, Schmidt U, Rosenzweig A, Gwathmey JK, Lewandowski
DE, Hajjar RJ. Improvement in survival and cardiac metabolism following gene transfer of
SERCA2a in a rat model of heart failure. Circulation 2001; 104:1424–1429.

14. del Monte F, Butler K, Boecker W, Gwathmey JK, Hajjar RJ. Novel technique of aortic
banding followed by gene transfer during hypertrophy and heart failure. Physiol Genomics
2002; 9:49–56.

15. del Monte F, Harding SE, Dec GW, Gwathmey JK, Hajjar RJ. Targeting phospholamban by
gene transfer in human heart failure. Circulation 2002; 105:904–907.

16. Prasad SA, Norbury CC, Chen W, Bennink JR, Yewdell JW. Cutting edge: recombinant
adenoviruses induce CD8 T cell responses to an inserted protein whose expression is limited
to nonimmune cells. J Immunol 2001; 166:4809–4812.

17. Engelhardt JF, Ye X, Doranz B, Wilson JM. Ablation of E2A in recombinant adenoviruses
improves transgene persistence and decreases inflammatory response in mouse liver. Proc Natl
Acad Sci USA 1994; 91:6196–6200.

18. Kochanek S, Clemens PR, Mitani K, Chen HH, Chan S, Caskey CT. A new adenoviral vector:
replacement of all viral coding sequences with 28 kb of DNA independently expressing both
full-length dystrophin and beta-galactosidase. Proc Natl Acad Sci USA 1996; 93:5731–5736.

19. Wen S, Driscoll RM, Schneider DB, Dichek DA. Inclusion of the E3 region in an adenoviral
vector decreases inflammation and neointima formation after arterial gene transfer. Arterioscler
Thromb Vasc Biol 2001; 21:1777–1782.

20. Ng P, Parks RJ, Cummings DT, Evelegh CM, Sankar U, Graham FL. A high-efficiency Cre/
loxP-based system for construction of adenoviral vectors. Hum Gene Ther 1999; 10:
2667–2672.

21. Cordier L, Gao GP, Hack AA, McNally EM, Wilson JM, Chirmule N, Sweeney HL. Muscle-
specific promoters may be necessary for adeno-associated virus- mediated gene transfer in the
treatment of muscular dystrophies. Hum Gene Ther 2001; 12:205–215.

22. Ng P, Evelegh C, Cummings D, Graham FL. Cre levels limit packaging signal excision effi-
ciency in the Cre/loxP helper-dependent adenoviral vector system. J Virol 2002; 76:4181–4189.

23. Gao G, Qu G, Burnham MS, Huang J, Chirmule N, Joshi B, Yu QC, Marsh JA, Conceicao
CM, Wilson JM. Purification of recombinant adeno-associated virus vectors by column chro-
matography and its performance in vivo. Hum Gene Ther 2000; 11:2079–2091.

24. Svensson EC, Marshall DJ, Woodard K, Lin H, Jiang F, Chu L, Leiden JM. Efficient and
stable transduction of cardiomyocytes after intramyocardial injection or intracoronary perfusion
with recombinant adeno-associated virus vectors. Circulation 1999; 99:201–205.



Hajjar and Rosenzweig540

25. Check E. Second cancer case halts gene-therapy trials. Nature 2003; 421:305.
26. Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F, Wulffraat N, McIntyre E, Radford

I, Villeval JL, Fraser CC, Cavazzana-Calvo M, Fischer A. A serious adverse event after
successful gene therapy for X-linked severe combined immunodeficiency. N Engl J Med 2003;
348:255–256.

27. Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, Verma IM, Trono D. In vivo
gene delivery and stable transduction of nondividing cells by a lentiviral vector. Science 1996;
272:263–267.

28. Naldini L, Blomer U, Gage FH, Trono D, Verma IM. Efficient transfer, integration, and
sustained long-term expression of the transgene in adult rat brains injected with a lentiviral
vector. Proc Natl Acad Sci U S A 1996; 93:11382–11388.

29. Sakoda T, Kasahara N, Hamamori Y, Kedes L. A high-titer lentiviral production system me-
diates efficient transduction of differentiated cells including beating cardiac myocytes. J Mol
Cell Cardiol 1999; 31:2037–2047.

30. Peng KW, Pham L, Ye H, Zufferey R, Trono D, Cosset FL, Russell SJ. Organ distribution of
gene expression after intravenous infusion of targeted and untargeted lentiviral vectors. Gene
Ther 2001; 8:1456–1463.

31. MacKenzie TC, Kobinger GP, Kootstra NA, Radu A, Sena-Esteves M, Bouchard S, Wilson
JM, Verma IM, Flake AW. Efficient transduction of liver and muscle after in utero injection
of lentiviral vectors with different pseudotypes. Mol Ther 2002; 6:349–358.

32. Zhao J, Pettigrew GJ, Thomas J, Vandenberg JI, Delriviere L, Bolton EM, Carmichael A,
Martin JL, Marber MS, Lever AM. Lentiviral vectors for delivery of genes into neonatal and
adult ventricular cardiac myocytes in vitro and in vivo. Basic Res Cardiol 2002; 97:348–358.

33. Goins WF, Krisky DM, Wolfe DP, Fink DJ, Glorioso JC. Development of replication-defective
herpes simplex virus vectors. Methods Mol Med 2002; 69:481–507.

34. Hollon T. Researchers and regulators reflect on first gene therapy death. Nat Med 2000; 6:6.
35. Bostanci A. Gene therapy. Blood test flags agent in death of Penn subject. Science 2002; 295:

604–605.
36. Marshall E. Gene therapy death prompts review of adenovirus vector. Science 1999; 286:

2244–2245.
37. Hajjar RJ, Schmidt U, Matsui T, Guerrero JL, Lee KH, Gwathmey JK, Dec GW, Semigran

MJ, Rosenzweig A. Modulation of ventricular function through gene transfer in vivo. Proc
Natl Acad Sci USA 1998; 95:5251–5256.

38. Donahue JK, Kikkawa K, Thomas AD, Marban E, Lawrence JH. Acceleration of widespread
adenoviral gene transfer to intact rabbit hearts by coronary perfusion with low calcium and
serotonin. Gene Ther 1998; 5:630–634.

39. Fromes Y, Salmon A, Wang X, Collin H, Rouche A, Hagege A, Schwartz K, Fiszman MY.
Gene delivery to the myocardium by intrapericardial injection. Gene Ther 1999; 6:683–688.

40. Guzman RJ, Lemarchand P, Crystal RG, Epstein SE, Finkel T. Efficient gene transfer into
myocardium by direct injection of adenovirus vectors. Circ Res 1993; 73:1202–1207.

41. Ikeda Y, Gu Y, Iwanaga Y, Hoshijima M, Oh SS, Giordano FJ, Chen J, Nigro V, Peterson
KL, Chien KR, Ross J. Restoration of deficient membrane proteins in the cardiomyopathic
hamster by in vivo cardiac gene transfer. Circulation 2002; 105:502–508.

42. Gwathmey JK, Morgan JP. Altered calcium handling in experimental pressure-overload hyper-
trophy in the ferret. Circ Res 1985; 57:836–843.

43. Gwathmey JK, Copelas L, MacKinnon R, Schoen FJ, Feldman MD, Grossman W, Morgan
JP. Abnormal intracellular calcium handling in myocardium from patients with end-stage heart
failure. Circ Res 1987; 61:70–76.

44. Beuckelmann DJ, Nabauer M, Erdmann E. Intracellular calcium handling in isolated ventricular
myocytes from patients with terminal heart failure [see comments]. Circulation 1992; 85:
1046–1055.

45. Hasenfuss G, Reinecke H, Studer R, Meyer M, Pieske B, Holtz J, Holubarsch C, Posival H,
Just H, Drexler H. Relation between myocardial function and expression of sarcoplasmic



Targeted Gene Transfer 541

reticulum Ca(2�)-ATPase in failing and nonfailing human myocardium. Circ Res 1994; 75:
434–442.

46. Hasenfuss G, Reinecke H, Studer R, Pieske B, Meyer M, Drexler H, Just H. Calcium cycling
proteins and force-frequency relationship in heart failure. Basic Res Cardiol 1996; 91(suppl
2):17–22.

47. Hasenfuss G. Calcium pump overexpression and myocardial function. Implications for gene
therapy of myocardial failure. Circ Res 1998; 83:966–968.

48. Schmidt U, Hajjar RJ, Helm PA, Kim CS, Doye AA, Gwathmey JK. Contribution of abnormal
sarcoplasmic reticulum ATPase activity to systolic and diastolic dysfunction in human heart
failure. J Mol Cell Cardiol 1998; 30:1929–1937.

49. Schmidt U, Hajjar RJ, Kim CS, Lebeche D, Doye AA, Gwathmey JK. Human heart failure:
cAMP stimulation of SR Ca(2�)-ATPase activity and phosphorylation level of phospholam-
ban. Am J Physiol 1999; 277:H474–H480.

50. Meyer M, Dillmann WH. Sarcoplasmic reticulum Ca(2�)-ATPase overexpression by adenovi-
rus mediated gene transfer and in transgenic mice. Cardiovasc Res 1998; 37:360–366.

51. Schwinger RH, Bohm M, Schmidt U, Karczewski P, Bavendiek U, Flesch M, Krause EG,
Erdmann E. Unchanged protein levels of SERCA II and phospholamban but reduced Ca2�
uptake and Ca(2�)-ATPase activity of cardiac sarcoplasmic reticulum from dilated cardiomy-
opathy patients compared with patients with nonfailing hearts. Circulation 1995; 92:
3220–3228.

52. Bers DM. Cardiac Na/Ca exchange function in rabbit, mouse and man: what’s the difference?.
J Mol Cell Cardiol 2002; 34:369–373.

53. Hasenfuss G, Schillinger W, Lehnart SE, Preuss M, Pieske B, Maier LS, Prestle J, Minami
K, Just H. Relationship between Na�-Ca2�-exchanger protein levels and diastolic function
of failing human myocardium. Circulation 1999; 99:641–648.

54. Pogwizd SM, Qi M, Yuan W, Samarel AM, Bers DM. Upregulation of Na(�)/Ca(2�) exchan-
ger expression and function in an arrhythmogenic rabbit model of heart failure. Circ Res 1999;
85:1009–1019.

55. Pogwizd SM, Schlotthauer K, Li L, Yuan W, Bers DM. Arrhythmogenesis and contractile
dysfunction in heart failure: roles of sodium-calcium exchange, inward rectifier potassium
current, and residual beta-adrenergic responsiveness. Circ Res 2001; 88:1159–1167.

56. Studer R, Reinecke H, Bilger J, Eschenhagen T, Bohm M, Hasenfuss G, Just H, Holtz J,
Drexler H. Gene expression of the cardiac Na(�)-Ca2� exchanger in end-stage human heart
failure. Circ Res 1994; 75:443–453.

57. Brittsan AG, Carr AN, Schmidt AG, Kranias EG. Maximal inhibition of SERCA2 Ca(2�)
affinity by phospholamban in transgenic hearts overexpressing a non-phosphorylatable form
of phospholamban. J Biol Chem 2000; 275:12129–12135.

58. Carr AN, Schmidt AG, Suzuki Y, del Monte F, Sato Y, Lanner C, Breeden K, Jing SL, Allen
PB, Greengard P, Yatani A, Hoit BD, Grupp IL, Hajjar RJ, DePaoli-Roach AA, Kranias
EG. Type 1 phosphatase, a negative regulator of cardiac function. Mol Cell Biol 2002; 22:
4124–4135.

59. del Monte F, Harding SE, Schmidt U, Matsui T, Kang ZB, Dec GW, Gwathmey JK, Ro-
senzweig A, Hajjar RJ. Restoration of contractile function in isolated cardiomyocytes from
failing human hearts by gene transfer of SERCA2a. Circulation 1999; 100:2308–2311.

60. Hajjar RJ, Kang JX, Gwathmey JK, Rosenzweig A. Physiological effects of adenoviral gene
transfer of sarcoplasmic reticulum calcium ATPase in isolated rat myocytes. Circulation 1997;
95:423–429.

61. Hajjar RJ, Schmidt U, Kang JX, Matsui T, Rosenzweig A. Adenoviral gene transfer of phospho-
lamban in isolated rat cardiomyocytes rescue efects by concomitant gene transfer of sarcoplas-
mic reticulum Ca2� ATPase. Circ Res 1997; 81:145–153.

62. Miyamoto MI, del Monte F, Schmidt U, DiSalvo TS, Kang ZB, Matsui T, Guerrero JL,
Gwathmey JK, Rosenzweig A, Hajjar RJ. Adenoviral gene transfer of SERCA2a improves
left-ventricular function in aortic-banded rats in transition to heart failure. Proc Natl Acad Sci
USA 2000; 97:793–798.



Hajjar and Rosenzweig542

63. Maurice JP, Hata JA, Shah AS, White DC, McDonald PH, Dolber PC, Wilson KH, Lefkowitz
RJ, Glower DD, Koch WJ. Enhancement of cardiac function after adenoviral-mediated in vivo
intracoronary beta2-adrenergic receptor gene delivery. J Clin Invest 1999; 104:21–29.

64. Tevaearai HT, Eckhart AD, Shotwell KF, Wilson K, Koch WJ. Ventricular dysfunction after
cardioplegic arrest is improved after myocardial gene transfer of a beta-adrenergic receptor
kinase inhibitor. Circulation 2001; 104:2069–2074.

65. Rockman HA, Chien KR, Choi DJ, Iaccarino G, Hunter JJ, Ross J, Lefkowitz RJ, Koch
WJ. Expression of a beta-adrenergic receptor kinase 1 inhibitor prevents the development of
myocardial failure in gene-targeted mice. Proc Natl Acad Sci USA 1998; 95:7000–7005.

66. Shah AS, White DC, Tai O, Hata JA, Wilson KH, Pippen A, Kypson AP, Glower DD, Lefkow-
itz RJ, Koch WJ. Adenovirus-mediated genetic manipulation of the myocardial beta- adrenergic
signaling system in transplanted hearts. J Thorac Cardiovasc Surg 2000; 120:581–588.

67. Engelhardt S, Hein L, Wiesmann F, Lohse MJ. Progressive hypertrophy and heart failure in
beta1-adrenergic receptor transgenic mice. Proc Natl Acad Sci USA 1999; 96:7059–7064.

68. Lai NC, Roth DM, Gao MH, Fine S, Head BP, Zhu J, McKirnan MD, Kwong C, Dalton N,
Urasawa K, Roth DA, Hammond HK. Intracoronary delivery of adenovirus encoding adenylyl
cyclase VI increases left ventricular function and cAMP-generating capacity. Circulation 2000;
102:2396–2401.

69. Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, Voipio-Pulkki LM. Apoptosis
in human acute myocardial infarction. Circulation 1997; 95:320–323.

70. Narula J, Haider N, Virmani R, DiSalvo TG, Kolodgie DF, Hajjar RJ, Schmidt U, Semigran
MJ, Dec GW, Khaw BA. Apoptosis in myocytes in end-stage heart failure. N Engl J Med
1996; 335:1182–1189.

71. Olivetti G, Abbi R, Quaini F, Kajstura J, Cheng W, Nitahara JA, Quaini E, Di LC, Beltrami
CA, Krajewski S, Reed JC, Anversa P. Apoptosis in the failing human heart. N Engl J Med
1997; 336:1131–1141.

72. Mallat Z, Tedgui A, Fontaliran F, Frank R, Durigon M, Fontaine G. Evidence of apoptosis in
arrhythmogenic right ventricular dysplasia. N Engl J Med 1996; 335:1190–1196.

73. Wencker D, Nguyen N, Khine CC, Chandra M, Garantziotis S, Ng K, Factor SM, Shirani J,
Kitsis RN. Myocyte apoptosis is sufficient to cause dilated cardiomyopathy. Circulation 1999;
100:I–83.

74. Wencker D, Chandra M, Armstrong RC, Garantziotis S, Factor SM, Shirani J, Kitsis RN.
Rescue of dilated cardiomyopathy by caspase inhibition in FKBP-caspase-8 transgenic mice.
Circulation 2000; 102:28 I-28.

75. Hirota H, Chen J, Betz UA, Rajewsky K, Gu Y, Ross J, Muller W, Chien KR. Loss of a gp130
cardiac muscle cell survival pathway is a critical event in the onset of heart failure during
biomechanical stress. Cell 1999; 97:189–198.

76. Yaoita H, Ogawa K, Maehara K, Maruyama Y. Attenuation of ischemia/reperfusion injury in
rats by a caspase inhibitor. Circulation 1998; 97:276–281.

77. Holly TA, Drincic A, Byun Y, Nakamura S, Harris K, Klocke FJ, Cryns VL. Caspase inhibition
reduces myocyte cell death induced by myocardial ischemia and reperfusion in vivo. J Mol
Cell Cardiol 1999; 31:1709–1715.

78. Matsui T, Li L, del Monte F, Fukui Y, Franke T, Hajjar R, Rosenzweig A. Adenoviral gene
transfer of activated PI 3-kinase and Akt inhibits apoptosis of hypoxic cardiomyocytes in vitro.
Circulation 1999; 100:2373–2379.

79. Matsui T, Tao J, del Monte F, Lee K-H, Li L, Picard M, Force TL, Franke TF, Hajjar RJ,
Rosenzweig A. Akt activation preserves cardiac function and prevents injury after transient
cardiac ischemia in vivo. Circulation 2001; 104:330–335.

80. Donath MY, Jenni R, Brunner HP, Anrig M, Kohli S, Glatz Y, Froesch ER. Cardiovascular
and metabolic effects of insulin-like growth factor I at rest and during exercise in humans. J
Clin Endocrinol Metab 1996; 81:4089–4094.

81. Jones JI, Clemmons DR. Insulin-like growth factors and their binding proteins: biological
actions. Endocr Rev 1995; 16:3–34.

82. Hankinson SE, Willett WC, Colditz GA, Hunter DJ, Michaud DS, Deroo B, Rosner B, Speizer
FE, Pollak M. Circulating concentrations of insulin-like growth factor-I and risk of breast
cancer. Lancet 1998; 351:1393–1396.



Targeted Gene Transfer 543

83. Chan JM, Stampfer MJ, Giovannucci E, Gann PH, Ma J, Wilkinson P, Hennekens CH, Pollak
M. Plasma insulin-like growth factor-I and prostate cancer risk: a prospective study. Science
1998; 279:563–566.

84. Rosen CJ, Pollak M. Circulating IGF-I: new perspectives for a new century. Trends Endocrinol
Metab 1999; 10:136–141.

85. Chao W, Matsui T, Novikov M, Tao J, Li L, Liu H, Ahn YK, Rosenzweig A. Strategic
advantages of IGF-I expression for cardioprotection. J Gen Medicine 2003; 5:277–286.





25
Cellular Transplantation

Philippe Menasché
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INTRODUCTION

Over the past decade, cellular transplantation has progressively emerged as a potential
new means of repairing infarcted myocardium, particularly in patients who have already
exhausted the currently available medical, interventional, and surgical treatment options.
The underlying concept is that replacement of irreversibly damaged muscle by new con-
tractile cells should restore functionality in these necrotic areas and subsequently contribute
to improvement of global heart function. Because the regenerative capacity of the adult
mammalian heart [1,2] is by far too limited to compensate for the loss of cardiac cells
resulting from a large infarct, and although attempts at converting the infarcted myocar-
dium into contractile tissue by direct injection of viral vectors encoding the muscle-specific
Myo-D master gene have been rather disappointing [3], the most clinically relevant ap-
proach is considered to be the direct transplantation of exogenously supplied cells. After
extensive laboratory work, early clinical trials of surgical autologous skeletal myoblast
transplantation was initiated in June, 2000 in heart failure patients [4], and rapidly followed
by catheter-based intracoronary delivery of bone marrow–derived stem cells in the setting
of acute myocardial infarction [5,6]. These phase I studies have primarily established the
feasibility and safety of this novel approach and efficacy remains to be validated by
prospective trials, which are under way or in preparation. In parallel, a large amount of
experimental work is still mandatory to address some basic issues, particularly those per-
taining to the choice of the optimal cell type, the technique most appropriate for intramyo-
cardial cell transfer, and the adjunctive strategies required for optimizing postengraftment
cell survival. The chapter will concentrate on these issues before highlighting the major
lessons gained from the preliminary clinical trials.

TYPE OF CELLS TO BE CONSIDERED FOR INTRAMYOCARDIAL
TRANSPLANTATION

The ‘‘ideal’’ cell for transplantation has to meet several stringent criteria: it should
be easy to collect and expand, relatively tolerant to ischemia so as to survive in a
poorly vascularized scar tissue, and establish connexions with host cardiomyocytes
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Figure 1 Different sources for stem cells used in cardiac cell transplantation.

allowing its effective and synchronous contribution to heartbeats. Unfortunately, none
of the various cell lineages that have been considered so far matches all these require-
ments [6a]. (See Fig. 1)

Fetal Cardiomyocytes

Initial studies with fetal and neonatal cardiomyocytes have been pivotal to establish the
‘‘proof-of-concept’’ in that they have showed, in rodent models of coronary artery ligation
or cryoinjury-induced myocardial infarction, that these cells successfully engrafted, were
coupled with host cardiomyocytes through connexin 43–supported gap junctions, im-
proved left ventricular function [7–9] and maintained their cardioprotective effects up
to 6 months after transplantation [10]. Additional evidence that transplanted cells could
functionally integrate within the host tissue has been brought by the findings that fetal
cells harvested from the sino-atrial area exerted a pacemaker activity following their trans-
plantation in recipient animals whose conduction system had been irreversibly damaged
[11]. However, in a clinical perspective, the transplantation of fetal or neonatal cardiac
cells raises significant issues related to ethics, availability, and immunogenicity. In an
attempt to overcome these problems, it has been proposed to use xenogenic neonatal
cardiomyocytes along with the combined blockade of the CD28/B7 and CD40 costimula-
tory pathways, but in spite of encouraging experimental results suggesting the ability of
this immunosuppressive regimen to enhance graft survival [12], the clinical relevance of
xenogenic Adult cell transplantation remains questionable, and there is currently a good
agreement that emphasis should be put on autologous cells. In this context, both skeletal
myoblasts and bone marrow–derived cells are particularly attractive ‘‘natural’’ candidates.
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Skeletal Myoblasts

Satellite cells can be considered as stem cells for the muscle in that they normally lie in
a quiescent state under the basal membrane of skeletal muscular fibers but, following
tissue injury, they are rapidly recruited, proliferate (taking the name of myoblasts) and
fuse, thereby effecting repair and regeneration of the damaged fibers. In the perspective
of clinical applications, these cells feature several attractive characteristics including their
autologous origin, a high potential for in vitro expansion, a commitment to their myogenic
lineage, which virtually eliminates the oncogenic risk, and a high resistance to ischemia,
which is a major advantage given the relatively avascular nature of the postinfarct scars
in which they are intended to be implanted. Importantly, our clinical experience shows that
neither recovery nor expansion or functionality (i.e., the capacity to generate myofibers) of
satellite cells are impeded by advanced age or heart failure. Consequently, we are not
convinced that the use of Myo-D-transfected fibroblasts as an alternative source of myo-
genic cells [13] has a true clinical relevance.

Experimental studies have consistently shown that the injected myoblasts differen-
tiated into typical multinucleated cross-striated myotubes, which occupy areas of postin-
farction fibrosis [14], but without any evidence for transdifferentiation into cardiac cells
[15], the only manifestation of a milieu-induced phenotypic change being the emergence
of a composite population of fibers that coexpress fast, skeletal muscle-type and slow
myosin isoforms [14]. Consequently, and in contrast to fetal cardiomyocytes, engrafted
skeletal myotubes do not communicate (at least directly) with host cardiac cells as the
expression of the major proteins responsible for mechanical and electrical coupling in the
heart (N-cadherin and connexin-43, respectively), although detectable in cultured skeletal
myoblasts, is downregulated following intramyocardial grafting [16]. Likewise, our elec-
trophysiological studies show that the membrane properties of engrafted myotubes retain
typical skeletal muscle patterns with, for example, action potential durations almost ten
times shorter than those of host cardiomyocytes [17].

These observations functionally translate into an improvement in left ventricular
function, which has been demonstrated in small and large animal models of myocardial
infarction [14,18–21]. The direct contribution of engrafted skeletal myoblasts to the ame-
lioration of the functional outcome is strongly suggested by tissue Doppler imaging studies
showing an improvement in the transmyocardial velocity gradients across the infarcted
area that has been transplanted [14] and is consistent with the previous finding that function
only improves in hearts where implanted cells are detectable [19]. These benefits are
sustained over time, as shown by our 1-year echocardiographic values of ejection fraction
that were found unchanged from those measured at the 2-month posttransplant time point
[22], an effect possibly due to the increased proportion of slow-type myosin expressed
by engrafted muscle fibers and the related resistance to fatigue. Importantly, we [23] and
others [24] have found that the functional improvement yielded by skeletal myoblast
transplantation was tightly dependent on the number of injected cells. Although one study
[25] has raised the possibility of cell overgrowth leading to distorsion of the ventricular
contours, in clinical practice, the concern would rather be opposite, i.e., that the high rate
of early cell death (see following text) reduces graft size to the point that its functional
efficacy is not as great as it could be. This relationship between the number of injected
cells and the functional outcome should be clarified by the dose-ranging protocol of our
ongoing phase II trial.

The mechanism(s) by which myoblast transplantation improves function of the fail-
ing heart still remain elusive and different hypotheses can be considered. First, the elastic
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properties of implanted cells could act as a scaffold that thickens the ventricular wall,
which would result in reduced wall stress and limitation of infarct expansion. In our clinical
study, however, myoblast transplantation, performed an average of 6 years after the infarct,
did not alter end-diastolic volumes. It is, therefore, likely that although early postinfarct
cell transplantation may prevent ventricular dilatation, it cannot reverse remodeling once it
is completed. Second, a direct contribution to contractility is suggested by the experimental
observations that myoblast transplantation improves systolic indices of regional and global
left ventricular function, as assessed by pressure-volume loops [22] and tissue Doppler
imaging [14], respectively. Furthermore, the pathological findings made in human hearts
[26,27] that engrafted myotubes retain typical cross-striations provide an indirect argument
for their persisting functionality (nonfunctioning skeletal muscle cells usually feature a
disorganized pattern). On the other hand, the lack of connexin – 43 expression on myotubes
raises the question of how they could synchronously contract with host cardiomyocytes.
In keeping with this observation, our electrophysiological studies [17] have failed to detect
coupling between donor and recipient cells but have also shown that, in response to a
depolarizing current, grafted myotubes elicited action potentials followed by active con-
tractions. It is, thus, conceivable that in areas where grafted and recipient cells are in
close physical contact, myotubes could be excited by direct transmembrane currents (i.e.,
currents that are not channelled through the classic gap junctions pathway) fired by the
neighbouring cardiomyocytes (the so-called field effect).

The finding that grafted myotubes retain both their excitable and contractile proper-
ties provides evidence for their viability which, in turn, leads to a third hypothesis by
which these cells would increase inotropism of the recipient heart through paracrine effects,
i.e., the release of cytokines and/or growth factors acting as signals for resident cardiac
stem cells [28] and, therefore, promoting recruitment of new contractile elements. Indeed,
the involvement of humoral mediators would be consistent with the results of our sheep
experiments showing a reduced collagen density in infarcted areas repopulated by en-
grafted myoblasts [14] and, therefore, suggesting some effect of these cells on the extracel-
lular matrix. Likewise, the beneficial effects reported after engraftment of Langerhans
islets in diabetic patients and fetal cerebral tissue in those suffering from Parkinson’s
disease are likely related to the secretion of insulin and dopamine by the transplanted
cells, respectively. The identification of the mediator(s) released by skeletal myoblasts
that could trigger an endogenous myocardial regeneration from the quiescent pool of
cardiac resident cells remains to be done, but it is noteworthy that recent data from our
laboratory have shown that insulin growth factor-1, a growth factor whose cardioprotective
effects have been largely documented [29,30], was produced by myoblasts and myotubes
across a wide variety of species, including human beings.

Bone Marrow–Derived Cells

Transplantation of bone marrow cells is raising a growing interest because these cells
share with myoblasts the possibility of being used as autografts but also have the presum-
ably additional advantage of a transdifferentiation potential allowing them to convert into
cardiac and/or endothelial cells. Indeed, the question is not so much whether bone marrow
– derived cells can change their phenotype — there is accumulating experimental evidence
that they can. The key issues are to determine whether they incur a transdifferentiation
into true cardiomyocytes and, if yes, which populations are responsible for this switch
and whether the magnitude of these phenotypic changes can reasonably account for an
improvement in function.
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Several studies have now reported that bone marrow – derived cells could change
their phenotype either in vitro under the influence of specific culture conditions or in vivo
in response to cues present in the target organ in which they are implanted. These results,
however, have to be analyzed carefully because definite proof of transdifferentiation re-
quires the combination of two strict criteria: accurate lineage determination bringing un-
equivocal evidence that the transdifferentiated cells really originate from the graft; and
phenotypic characterization of these cells relying preferentially on tissue-specific gene
markers. Indeed, many reports on the cardiac transdifferentiation of bone-marrow cells
have failed to meet these criteria. Assuming, however, that bone- marrow cells feature a
plasticity that enables them to change their phenotype, the first basic question is to identify
the populations responsible for this conversion. From this standpoint, the bone-marrow
cell pool can be broadly divided into two major categories: hematopoietic progenitors and
stromal (or mesenchymal) cells.

Hematopoietic progenitors have been reported to ‘‘regenerate’’ the myocardium in
rodent models of myocardial infarction where cell transplantation (either intravenous or
intramyocardial) was almost consistently done very early (i.e., within a few hours) after
the ischemic insult. These results raise two major questions. The first is to identify the
progenitor population most appropriate for effecting this regeneration. Thus, Kocher and
associates [31] have shown that intravenous injection of human CD34� cells into athymic
nude rats 48 hours after myocardial infarction resulted in angiogenesis, decreased apoptosis
in the periinfact region and improved function. Other studies have proposed to use CD133�

progenitors, which are precursors to both endothelial and hematopoietic lineages and are,
thus, credited for an angiogenic potential [32]. To further add to the confusion, most
CD133� cells are also positive for the CD34� antigen, but recent data suggest that the
CD34� fraction of the CD34� pool would be more effective for engraftment [33]. Impor-
tantly, all these subpopulations are present in very small percentages in the circulating
blood (2%–3% for the CD34�, about 1% for the CD133� cells), which expectedly trans-
lates into a low rate of engraftment. Thus, in a mouse model of coronary occlusion-
reperfusion intravenously injected with hematopoietic stem cells, only 3.3% of the endothe-
lial cells and 0.02% of the cardiomyocytes of the recipient heart were derived from donor
cells [34]; likewise, injection of green fluorescence-labeled CD34+ cells into ischemic rat
limbs was found to result in minimal incorporation of these cells into capillaries [35].
These data lead to the second question which pertains to the means of scaling-up this
small number of progenitors to potentiate their functional benefits. This remains a technical
challenge. One option is to try to expand these cells in vitro, but this approach is fraught
with the risk that they loose their pluripotentiality. Alternatively, it has been proposed to
use a cytokine-based in vivo mobilization. Although this technique has been successful
for regenerating infarcted mouse myocardium by Lin-ckit POS cells [36], its application in
primates has failed to yield any benefit and concerns have even been expressed about
the safety of administering granulocyte colony-stimulating factor in the early phase of
myocardial infarction.

A second strategy then consists of using bone marrow mesenchymal cells. In both
rat [37] and swine [38] infarction models, these cells have been shown to differentiate
into cardiac and blood vessel cells, which correlated with improved regional perfusion
and wall motion, greater scar thickness, and augmented global heart function. However,
the cardiomyogenic transdifferentiation of these cells is also plagued with clinically rele-
vant issues. Thus, one means of inducing their phenotypic conversion is to culture them
in the presence of 5-azacytidine, a DNA demethylating agent expected to raise safety
concerns. Using a process that did not involve exposure to 5-azacytidine, Shake and
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coworkers [39] recently reported that in a swine model of occlusion-reperfusion, intramyo-
cardially injected autologous mesenchymal cells only expressed myogenic markers, none
of which were cardiospecific, which correlated with an attenuation of regional systolic
dysfunction, too limited, however, for affecting ultimate infarct size. Another means of
driving mesenchymal cells towards a cardiomyogenic lineage consists of bringing them
in direct contact with host cardiomyocytes, which can be achieved through cocultures [40]
or coimplantations [41]. Indeed, this concept of a direct cell-to-cell contact for inducing
transdifferentiation is quite consistent with what has been previously shown about the
cardiomyogenic conversion of endothelial cells [42], and it is strengthened by a recent
study showing that human endothelial progenitor cells can also turn to functionally effec-
tive cardiomyocytes provided that they are cocultured with rat cardiac cells [43]. However,
in the perspective of clinical applications, neither of the two previously mentioned ap-
proaches (5-azacytidine pretreatment or cocultures/coimplantations with native xenogenic
cardiomyocytes) is likely to be easy to implement. Data are also lacking regarding the
quantitative importance of this transdifferentiation phenomenon but a recent study reported
a percentage not higher than 1% to 2% after cocultures of human mesenchymal cells with
neonatal rat cardiomyocytes [44]. In this setting, a great deal of interest has been raised
by the identification of a select subpopulation of multipotent adult pluripotent cells
(MAPCs) [45] isolated from the bone-marrow stroma. Whether these cells can be success-
fully used for repairing human infarcted myocardium still remains speculative as they are
difficult to grow (it takes several weeks) and identify (their phenotypic characterization
is only made ‘‘by default,’’ i.e., based on a negative staining for the most common surface
markers), and their conversion into true cardiomyocytes has not yet been established
conclusively.

These uncertainties regarding the choice of the optimal subpopulation for myocardial
repair has led several groups to advocate the use of total, unfractionated bone marrow
with the premise that, in addition to its simplicity (cells are easily collected from peripheral
blood or bone marrow and reinjected immediately or after a few days of cultivation), this
technique should have the advantage of fully exploiting the regenerative potential of the
mixed cell lineages that comprise the bone marrow through a combined supply of an-
giogenic growth factors and their receptors [5,35,46–48]. However, keeping in mind that
nobody would give a drug without knowing its exact composition, it can be equally worri-
some to inject a poorly characterized cell therapy product. Forthcoming clinical trials
should hopefully help define whether this concern is merely academic or not.

From the presented considerations, two major conclusions can be drawn. First, the
regenerating effects of bone marrow transplantation are probably maximal when cells are
injected early after the infarction, i.e., at a stage where they can find, in a freshly ischemic
tissue, the appropriate cues for transdifferentiation. Conversely, it is likely that, at the later
stage of the fibrous scar, these signals are lost, except, maybe, in the border zones, which
is probably insufficient for yielding a meaningful improvement in function (at worst,
injection of bone marrow in the core of the infarcted area could convey a transdifferentia-
tion of grafted cells into fibroblasts). In support of this concept, we [49] and others [50]
have shown that injection of total unfractionated bone marrow into chronically infarcted
myocardium failed to improve function and subsequent transplantation of human CD133�

progenitors into nude rats equally failed to be more effective than skeletal myoblasts [50a].
Attempts at repopulating nonischemic doxorubicin-injured hearts with mononuclear or
sca-1� progenitor cells have also been unsuccessful [51]. The second conclusion is that
although the conversion of bone marrow cells into cardiomyocytes, as well as the quantita-
tive magnitude of this event, are still debatable, there is more compelling evidence for
the angiogenic potential of these cells. Interestingly, recent studies [46,47,52] suggest that,
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in keeping with the paracrine hypothesis mentioned about skeletal myoblasts, this cell-
induced angiogenesis is more related to the release of growth factors than to the anatomic
incorporation of the grafted cells into foci of neovascularization. Put together, these obser-
vations fit a paradigm where bone marrow cell transplantation would be electively targeted
at increasing angiogenesis in ischemic patients, whereas skeletal myoblasts would be
indicated for augmentation of function in those suffering from heart failure.

Embryonic Stem Cells

Embryonic cells are conceptually attractive because their totipotency should make it possi-
ble to prepare cardiomyocyte cell lines in vitro before injecting them into myocardial
scars. These cells can be derived from fertilized oocytes that are no longer targeted for
childbearing; alternatively, they could be obtained after nuclear transfer into enucleated
recipient oocytes (therapeutic cloning), which would avoid immune reactions because the
grafted cells then recapitulate the whole genetic program of the future recipient. However,
apart from the major ethical and regulatory issues raised by this approach, and which are
far beyond the scope of this review, the clinical applicability of embryonic cells for cell
replacement therapy is plagued by major technical challenges [53] including the purifica-
tion of specific cell lineages (i.e., ventricular, atrial, or pacemaker cells), in vitro demonstra-
tion that the differentiated cells effect normal physiological functions, in vivo confirmation
of the efficacy of transplantation in animal models of myocardial infarction, and avoidance
of cell-related tumor development (teratoma). In the pivotal study of Kehat and colleagues
[54], in which human undifferentiated embryonic stem cells were grown from a single-
cell clone, only 8.1% of the embryoid bodies generated from these cells spontaneously
contracted and stained positively for cardiac-specific markers, thereby indicating that the
first objective of purity, which is fundamental for abrogating the oncogenic potential of
residual undifferentiated cells, is still far from being achieved.

METHODS OF CELL DELIVERY

Surgical Approach

This technique entails multiple punctures, a few millimeters apart, in the core and around
the borders of the scar, care being taken to inject cells parallel to the epicardium to avoid
their inadvertent delivery into the left ventricular cavity (for this purpose, we have designed
a 27 gauge prebent needle). Another technical issue is to minimize cell leakage through
the needle holes. To address this question, we have found useful to first create subepicardial
pockets into which cells are dropped and then to wait for a few seconds before withdrawing
the needle to limit the backflow of cells along the needle tracts.

Catheter-Based Approach

In an attempt to reduce the invasiveness of cell transfer, catheter-based techniques have
been rapidly developed [54a]. They basically rely on three routes: endoventricular, intra-
coronary, and transvenous, guidance of cell delivery being achieved with electromagnetic
mapping, coronary angiography, and endovascular ultrasounds, respectively. In our experi-
ence, the latter technique has been found particularly user-friendly and we are currently
testing its potential benefits in a sheep model of myocardial infarction. However, although
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these percutaneous approaches have been expeditiously applied in patients, they have
actually undergone limited preclinical testing. Thus, the extent of intramyocardial cell
trapping following endoventricular injections has not been fully investigated, nor is the
ability of intracoronarily injected bone marrow cells to gain access to myocardial tissue,
even if their transendothelial migration is thought to be enhanced by high-pressure infusion
and angioplasty balloon inflation to prevent backflow [5]. Indeed, viability of cells follow-
ing passage through the catheters has usually been assessed but their functionality (i.e.,
ability of skeletal myoblasts and bone-marrow cells to differentiate into myotubes and
cardiac/vascular cells, respectively), which is an equally important end point, as well as
their long-term survival have often been underlooked. For example, in a recent study [55],
follow-up of myoblasts injected through an endoventricular catheter was limited to 10
days. Likewise, there are also limited data regarding the functional efficacy of these tech-
niques and we only found one experimental study [52] in which the effects of transendocar-
dially injected bone marrow cells were extensively investigated. Clearly, there is still much
work to be done in this area, particularly for comparing the results of percutaneous cell
delivery with that of the surgical approach, which remains the benchmark against which
alternate modes of cell transplantation should be tested. This remark does not only apply to
percutaneous approaches but also to biografts made of bioresorbable cell-seeded scaffolds,
which could represent an effective means of repairing wall defects in adult and pediatric
open-heart operations.

The Problem of Cell Death

Regardless of the route of delivery, cell death remains a major problem of cell transplanta-
tion common to all cell lineages. Thus, up to 90% of transplanted cardiomyocytes have
been shown to die within the first 24 hours [56]; we have made quantitatively similar
observations with myoblasts and in the study of Toma and associates [57], the 4-day
survival rate of human mesenchymal cells injected into normal (noninfarcted) mice only
averaged 0.44%. The mechanisms of this high death rate are multiple and include particu-
larly physical strain during injections, ischemia due to the poor vascularity of the target
scar, and apoptosis. As it is uncertain whether multiplication of surviving cells can catch
up to this initially high attrition rate, the development of cell survival-enhancing strategies
appears critical for optimizing the functional benefits of the procedure. Two of them are
of potentially great clinical relevance. The first consists of enhancing angiogenesis to limit
the ischemic component of cell death, an approach based on the observation that the
survival of cardiomyocytes grafted into highly vascularized granulation tissue is two-fold
greater than that observed after grafting into acutely necrotic myocardium [56]. In practice,
increased angiogenesis can be achieved by pretransplantation transfection of cells with
genes encoding vascular growth factors [58], direct coinjection of these factors [59] or
concomitant revascularization of cell-transplanted segments (an approach which appears
sound but only be confirmed when efficacy is demonstrated by ongoing randomized trials
committed to avoiding bypass surgery in these segments to avoid confounding factors in
the interpretation of outcome measures). The second strategy aimed at increasing the
survival rate of transplanted cells relies on limitation of apoptosis, which can be success-
fully achieved by heat shocking cells just prior to their implantation [56]. Finally, it is
also likely that even though an immune response is unlikely to occur in the case of
autologous transplantation, the inflammatory state created by needle punctures can contrib-
ute to cell damage. This mechanism is expected to be still greater if it superimposes upon
the inflammation that occurs during the early phase of infarction. Conversely, late injec-
tions may equally reduce the effectiveness of the procedure if they are performed once
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the remodeling process has been completed. These observations suggest that there is proba-
bly an optimal time window for cell transplantation following myocardial infarction and
that bracketing this time frame is another means of optimizing the benefits of the procedure.

ANALYSIS OF EARLY CLINICAL DATA

Skeletal myoblasts

On June 15, 2000, we performed the first human transplantation of autologous skeletal
myoblasts [4]. The operation was uneventful, the cardiac condition markedly improved,
including the scarred segment which had been grafted, and the patient died 18 months
later from a stroke. At autopsy, myotubes were identified in scar tissue and found to
express in roughly similar proportions fast, slow, and composite (fast and slow) myosin
isoforms [26]. This operation was the first of a series of 10 [61], designed to assess the
feasibility and safety of the procedure and included patients meeting the following three
criteria: severe left ventricular dysfunction (ejection fraction � 0.35); history of myocardial
infarct with a residual discrete, echocardiographically akinetic (after dobutamine chal-
lenge) and metabolically nonviable scar (as assessed by fluorodeoxyglucose positron emis-
sion tomography); and indication for concomitant coronary artery bypass grafting in remote
(i.e., different from the transplanted area), ischemic myocardium. Since then, two other
series have been reported, one [62] in Poland (10 patients) and the other [63] in the United
States (16 patients). Similar to the protocol of our phase I trial, all these patients underwent
cell transplantation during a conventional coronary artery bypass operation, except for
five of the American study who underwent placement of a left ventricular assist device
at the time of cell transplantation with the objective of assessing the fate of the engrafted
cells at the time of subsequent transplantation [27]. Finally, catheter-based endoventricular
or transvenous myoblast transplantations have also been performed in Europe as part of
both physican-driven and industry-sponsored trials and, based on the presentation made
by P. Serruys at the TCT meeting in October, 2002, totalled 13 patients before the study
was stopped because of serious adverse events (it has then been reinitiated after protocol
changes).

The protocol of the surgical procedure that we originally designed (and which has
remained unchanged over time) is fairly straightforward and involves three steps: a biopsy
of the vastus lateralis retrieved from the thigh under local anesthesia; a 2- to 3-week
period of cell expansion and the reimplantation of the final cell yield concentrated in a
small volume (5–6 mL) in and around the postinfarct scar while remote ischemic areas
are revascularized by bypass grafts.

Overall, these phase I trials have now established the feasibility of the procedure,
i.e., the possibility of growing hundreds million of cells (an average of 871 � 106 cells were
injected in our study, of which 86% were identified as myogenic by specific antibodies and
90% were viable at the time of the final collection), in compliance with Good Medical
Practice standards and within a clinically relevant time frame (2–3 weeks). The operation,
by itself, has also turned out to be safe, without specific procedure-related complications,
while companion experiments have documented the persisting functionality of myoblasts
harvested from heart failure patients (i.e., their ability to differentiate in vitro into myotubes
when allowed to grow to confluence) as well as their lack of oncogenic potential (when
injected into immunodeficient mice). The only adverse event ascribed to cell transplanta-
tion is sustained ventricular tachycardia, which has occurred in some patients (and presum-
ably caused two deaths in the catheter-based trial). These arrhythmias have been docu-
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mented within the first postoperative weeks, with a seemingly low rate of late recurrences,
as demonstrated by interrogation of the automatic internal cardioverter-defibrillator
(AICD) implanted in these cases. The mechanism of these arrhythmias is being investigated
and although the involvement of inflammatory reactions (triggered by needle punctures
and cell injections) would fit their early posttransplantation timing of onset, we rather favor
the hypothesis that differences in action potential duration between engrafted myotubes and
native cardiomyocytes [17] provide a substrate for microreentry circuits. This hypothesis
could account for the efficacy of amiodarone [61,62] to blunt these arrhythmias since one
of the mechanisms of action of this drug is to reduce repolarization dispersion [64]. The
arrhythmogenic potential of engrafted myotubes might be further enhanced by their capac-
ity to generate depolarizing rebounds from which bursts of action potentials can be fired
and interfere with those of host cardiomyocytes in areas where the two cell populations
are not insulated by scar tissue but close enough (which is not unlikely given the patchy
pattern of human infarcts) to allow electrotonic currents to be operative. Regardless of
the mechanism, and even if data derived from phase I studies do not conclusively establish
a causal relationship between cell transplantation and arrhythmias, in particular in a patient
population particularly susceptible to this complication, it has been considered safe by
most investigators to include implantation of AICDs in the protocol of phase II studies.
In addition to providing protection against the potential proarrhythmic risk of cell grafting,
the device may offer long-term survival benefits in this high-risk subset of heart failure
patients [65] while its interrogation should yield useful information about the true incidence
of these arrhythmias by comparison with control placebo-injected groups.

The small number of patients operated on so far, the lack of control groups, and the
confounding effect of concomitant revascularization clearly preclude any definite conclu-
sion pertaining to the efficacy of the procedure. It is, encouraging, however, that in our
series [61] approximately 60% of the cell-implanted scar areas demonstrated a new postop-
erative systolic thickening that did not deteriorate over the 1- to 2.5-year follow-up,
whereas at most 10% of segments meeting their inclusion criteria (lack of contratile reserve
and of metabolic viability) would have been expected to improve following bypass surgery
alone. Efficacy data are more difficult to interpret in the US dose-escalating adjunct-to-
bypass trial, in that the number of injected cells peaked at the relatively low value of 300
million [63]. The same caveat applies to the series of Siminiak et al. [62]. Put together,
however, these data are encouraging enough to warrant further confirmation by randomized
phase II trials designed and powered so as to demonstrate efficacy, if any. It is in this
context that we started in November 2002 a multicenter dose-ranging study (the Myoblast
Autograft Grafting in Ischemic Cardiomyopathy [MAGIC] trial) planned to include 300
patients with severe postinfarction left ventricular dysfunction (ejection fraction � 35%),
a residual akinetic scar not amenable to revascularization, and an indication of bypass in
remote ischemic areas. These patients will be randomized into three groups (a placebo
group receiving injections of culture medium and two transplanted cohorts differing by
the number of injected cells) and the echocardiographic centralized and blinded assessment
at 6 months of contractile changes in cell-grafted nonrevascularized myocardial segments
(primary end point) should hopefully allow meaningful conclusions about the efficacy of
the procedure.

Bone Marrow-Derived Cells

The number of clinical studies of bone-marrow cell transplantation is growing tremen-
dously, with some of them being reported in peer-reviewed journals while others are
limited to isolated and anectodal cases agressively announced through Internet-mediated
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press releases. So far, surgical approaches have entailed intramyocardial implantation of
bone marrow mononuclear cells [66] or CD133� progenitors [67] at the time of concomi-
tant coronary artery bypass grafting whereas catheter-based approaches have consisted of
intracoronary injections of mononuclear cells coupled with balloon angioplasty and stent-
ing in patients with acute myocardial infarction [5,6] or endoventricular stand-alone injec-
tions in ischemic patients targeted for increased angiogenesis [68]. Overall, these phase
I studies should be credited for documenting the feasibility of the procedure, the apparent
lack of adverse events, and the similarity of results with both blood-derived and bone
marrow–derived cells [6]. The claims for efficacy, based on improved perfusion and
function, are more questionable in the absence of control randomized groups of patients,
particularly if one keeps in mind the powerful placebo effect seen in end-stage ischemic
heart disease—a remark equally relevant to the previously mentioned trials of skeletal
myoblast transplantation. Hopefully, a forthcoming phase II trial involving intracoronary
injections of bone marrow (fresh or briefly cultivated) or placebo solution in patients
with acute myocardial infarction should allow more objective assessment of the expected
benefits of this modality of cell therapy.

The recent observation [47] that the majority of endothelial progenitor cells are
derived from the monocyte/macrophage pathway [47] also makes it clinically relevant to
know whether injection of these cells, alone or as part of the mononuclear cell mix, carries
a specific risk related to the recognized role of macrophages in atherosclerotic plaque
instability and rupture.

In conclusion, cellular transplantation appears as a promising means of ‘‘rejuvenat-
ing’’ infarcted myocardium through the engraftment of cells that may positively affect
heart function by various mechanisms involving elastic, contractile, and paracrine effects.
Although still scarce, laboratory investigations also suggest that the regenerating capacity
of the transplanted cells could also be relevant to nonischemic cardiomyopathies [69,70],
thereby contributing to expanding the potential for cell replacement therapy. As mentioned
in this review, several basic issues remain to be addressed to better characterize the optimal
cell type, define the most effective mode and timing of cell delivery, optimize graft survival
and understand the mechanism(s) of action of the donor cells. In parallel, the initial encour-
aging efficacy data collected in a still limited number of patients need to be validated
by large prospective randomized trials complying with the stringent methodologic rules
commonly applied to drug trials. Only such an approach will conclusively establish
whether the hopes currently raised by cellular transplantation are met, to what extent
the cell-related regeneration process affects patient function and clinical outcome and,
consequently, the place this novel strategy may occupy within the armamentarium of
techniques designed to treat heart failure.

ADDENDUM

Since the time of this writing, three important clinical studies have been published. One
entailed surgical implantation of skeletal myoblasts (71) and reported improved functional
outcomes without adverse events but interpretation of the data is confounded by the fact
that the cell-transplanted segments were also concomitantly revascularized. Two other
studies have looked at the effects of bone marrow-derived mononuclear (72) or mesenchy-
mal stem cells (73) injected directly into the coronary arteries shortly after myocardial
infarction. The strength of these two trials is that they have been randomized although
only the latter included a placebo-controlled group. Both have reported improvement in
function and perfusion, thereby supporting the concept that these cell types may be benefi-
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cial in acutely infarcted patients undergoing concomitant revascularization of the culprit
vessel. Their conclusions, however, still require validation by additional, larger-scale
placebo-controlled, double-blind randomized trials.
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contraindication to heart
transplantation, 506

Systolic dysfunction, abnormalities resulting
in, 187

Systolic function, 157–180. See also Heart
failure

aging, 170
aortic stenosis, 170
bedside diagnosis, 165
clinical improvement, 164
congestive heart failure, 160–161
constrictive pericarditis, 171
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