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Thomas E. Andreoli


When Dr. Thomas Andreoli died of a cerebral hemorrhage on April 14, 2009, he had nearly completed the editorial oversight of this, the eighth edition of the textbook he co-founded in 1986. In many ways this textbook epitomizes his career as an educator, clinical scientist, and international leader of the medical profession.


As an outstanding, life-long investigator in his chosen field of nephrology, Dr. Andreoli served as president of both national and international medical societies and was recognized by honorary doctoral degrees from both European and American universities.


As a dedicated bedside clinician and teacher, Dr. Andreoli served as an outstanding chair of medicine, and endowed chairs in his name were established at both the University of Alabama School of Medicine and the University of Arkansas College of Medicine. His superlative teaching was recognized by his receiving, inter alia, the Louis Pasteur Award from the University Louis Pasteur, Mastership of the American College of Physicians, and the Robert H. Williams Distinguished Chair of Medicine Award from the Association of Professors of Medicine.


Perhaps Dr. Andreoli’s most distinguished contribution was his lifelong Oslerian devotion to translating medical science from bench to bedside. Despite his major national and international commitments, he continued throughout his career to hold morning resident teaching rounds five times weekly, maintaining a broad knowledge of all aspects of internal medicine and genuinely and gently transmitting that knowledge to two generations of medical students. He was uniquely qualified for, and committed to, imparting his wisdom and skill as a physician, which provided the basis for his serving as a founding editor of Essentials of Medicine, and editor-in-chief of its last three editions. We feel immensely privileged to have been his co-editors and friends, and we dedicate this text to Dr. Thomas Andreoli.


Charles C. J. Carpenter, MD, MACP


Professor of Medicine


Brown Medical School


Director, Brown University AIDS Center


Providence, Rhode Island









Clementine M. Whitman


No tribute to Dr. Andreoli’s accomplishments would be complete without acknowledging the contributions of Clementine Whitman, his personal assistant of 40 years, who moved with him from Alabama to Texas and to Arkansas. Clementine was the hub of Dr. Andreoli’s professional and personal life, meticulously handling every detail. Dr. Andreoli, a man as demanding of others as of himself, was indeed blessed and fortunate to have such a talented, dedicated, loyal, and hard-working person by his side.


Sudhir V. Shah, MD, FACP


Professor of Medicine


Director, Division of Nephrology


University of Arkansas College of Medicine


Little Rock, Arkansas


Chief, Renal Section, Medicine Service


John L. McClellan Memorial Veterans Hospital


Little Rock, Arkansas
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Preface


This is the eighth edition of Andreoli and Carpenter’s Cecil Essentials of Medicine. Essentials VIII, like its predecessors, is intended to be comprehensive but concise. Essentials VIII therefore provides an exacting and thoroughly updated treatise on internal medicine, without excessive length, for students of medicine at all levels of their careers.


We welcome with enthusiasm a new editor, Edward J. Wing, MD, Frank L. Day Professor of Biology, and Dean of Medicine and Biological Sciences at Brown University Warren Alpert Medical School.


Essentials VIII has three cardinal components. First, at the beginning of each section—kidney, for example—we provide a brief but rigorous summary of the fundamental biology of the kidney and/or the cardinal signs and symptoms of diseases of the kidney. The same format has been used in all the sections of the book. Second, the main body of each section contains a detailed, but again, concise description of the diseases of the various organ systems, together with their pathophysiology and their treatment.


Finally, Essentials relies heavily on the Internet. Essentials VIII is published entirely on a Web site on the Internet. In the online version of Essentials VIII, we provide a substantial amount of supplemental material, indicated in the hard copy text by boldface symbols (for example, Web Fig. 1) and denoted by an arrow icon [image: image]shown in the margin of this page. This icon is present throughout the hard copy of the book as well as in the Internet version and directs the reader to a series of illustrations, tables, or videos in the Internet version of Essentials. This material is clearly crucial to understanding modern medicine, but we hope that, in this manner, the supplemental material will enrich Essentials VIII without having enlarged the book significantly.
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Section I


Introduction to Molecular Medicine










Chapter 1 Molecular Basis of Human Disease




Ivor J. Benjamin





Medicine has evolved dramatically during the past century from a healing art in which standards of practice were established on the basis of personal experience, passed on from one practitioner to the next, to a rigorous intellectual discipline steeped in the scientific method. The scientific method, a process that tests the validity of a hypothesis or prediction through experimentation, has led to major advances in the fields of physiology, microbiology, biochemistry, and pharmacology. These advances served as the basis for the diagnostic and therapeutic approaches to illness in common use by physicians through most of the 20th century. Since the 1980s, the understanding of the molecular basis of genetics has expanded dramatically, and advances in this field have identified new and exciting dimensions for defining the basis of conventional genetic diseases (e.g., sickle cell disease) as well as the basis of complex genetic traits (e.g., hypertension). The molecular basis for the interaction between genes and environment has also begun to be defined. Armed with a variety of sensitive and specific molecular techniques, contemporary physicians can now begin not only to understand the molecular underpinning of complex pathobiologic processes but also to identify individuals at risk for common diseases. Understanding modern medicine, therefore, requires an understanding of molecular genetics and the molecular basis of disease. This introductory chapter offers an overview of this complex and rapidly evolving topic and attempts to summarize the principles of molecular medicine that will be highlighted in specific sections throughout this text.






Deoxyribonucleic Acid and the Genome


All organisms possess a scheme to transmit the essential information containing the genetic make-up of the species through successive generations. In human cells, 23 pairs of chromosomes are present, each pair of which contains a unique sequence and therefore unique genetic information. In the human genome, about 6 × 109 nucleotides, or 3 × 109 pairs of nucleotides, associate in the double helix. All the specificity of DNA is determined by the base sequence, and this sequence is stored in complementary form in the double-helical structure, which facilitates correction of sequence errors and provides a mechanistic basis for replication of the information during cell division. Each DNA strand serves as a template for replication, which is accomplished by the action of DNA-dependent polymerases that unwind the double-helical DNA and copy each single strand with remarkable fidelity.


All cell types except for gametocytes contain this duplicate, diploid number of genetic units, one half of which is referred to as a haploid number. The genetic information contained in chromosomes is separated into discrete functional elements known as genes. A gene is defined as a unit of base sequence that usually, but with rare exceptions, encodes a specific polypeptide sequence. New evidence suggests that small, noncoding RNAs play critical roles in expression of this essential information. An estimated 30,000 genes are present in the human haploid genome, and these are interspersed among regions of sequence that do not code for protein and whose function is as yet unknown. For example, noncoding RNAs (e.g., transfer RNA [tRNA], ribosomal RNA [rRNA], and other small RNAs) act as components of enzyme complexes such as the ribosome and spliceosome. The average chromosome contains 3000 to 5000 genes, and these range in size from about 1 kilobase (kb) to 2 megabases (Mb).









Ribonucleic Acid Synthesis


Transcription, or RNA synthesis, is the process for transferring information contained in nuclear DNA to an intermediate molecular species known as messenger RNA (mRNA). Two biochemical differences distinguish RNA from DNA: (1) the polymeric backbone is made up of ribose rather than deoxyribose sugars linked by phosphodiester bonds, and (2) the base composition is different in that uracil is substituted for thymine. RNA synthesis from a DNA template is performed by three types of DNA-dependent RNA polymerases, each a multi-subunit complex with distinct nuclear location and substrate specificity. RNA polymerase I, located in the nucleolus, directs the transcription of genes encoding the 18S, 5.8S, and 28S ribosomal RNAs, forming a molecular scaffold with both catalytic and structural functions within the ribosome. RNA polymerase II, located in the nucleoplasm instead of the nucleoli, primarily transcribes precursor mRNA transcripts and small RNA molecules. The carboxyl-terminus of RNA polymerase II is uniquely modified with a 220-kD protein domain, the site of enzymatic regulation by protein phosphorylation of critical serine and threonine residues. All tRNA precursors and other rRNA molecules are synthesized by RNA polymerase III in the nucleoplasm.


RNA polymerases are synthesized from precursor transcripts that must first be cleaved into subunits before further processing and assembling with ribosomal proteins into macromolecular complexes. Ribosomal architectural and structural integrity are derived from the secondary and tertiary structures of rRNA, which assume a series of folding patterns containing short duplex regions. Precursors of tRNA in the nucleus undergo the removal of the 5′ leader region, splicing of an internal intron sequences, and modification of terminal residues.


Precursors of mRNA are produced in the nucleus by the action of DNA-dependent RNA polymerase II, which copies the antisense strand of the DNA double helix to synthesize a single strand of mRNA that is identical to the sense strand of the DNA double helix in a process called transcription (Fig. 1-1). The initial, immature mRNA first undergoes modification at both the 5′ and 3′ ends. A special nucleotide structure called the cap is added to the 5′ end, which functions to increase binding to the ribosome and enhance translational efficiency. The 3′ end undergoes modification by nuclease cleavage of about 20 nucleotides, followed by the addition of a length of polynucleotide sequence containing a uniform stretch of adenine bases, the so-called poly A tail that stabilizes the mRNA.





[image: image]

Figure 1-1 Transcription. Genomic DNA is shown with enhancer and silencer sites located 5′ upstream of the promoter region, to which RNA polymerase is bound. The transcription start site is shown downstream of the promoter region, and this site is followed by exonic sequences interrupted by intronic sequences. The former sequences are transcribed ad seriatim (i.e., one after another) by the RNA polymerase.




In addition to these changes that uniformly occur in all mRNAs, other, more selective modifications can also occur. Because each gene contains both exonic and intronic sequences and the precursor mRNA is transcribed without regard for exon-intron boundaries, this immature message must be edited in such a way that splices all exons together in appropriate sequence. The process of splicing, or removing intronic sequences to produce the mature mRNA, is an exquisitely choreographed event that involves the intermediate formation of a spliceosome, a large complex consisting of small nuclear RNAs and specific proteins, which contains a loop or lariat-like structure that includes the intron targeted for removal. Only after splicing, a catalytic process requiring adenosine triphosphate hydrolysis, has concluded is the mature mRNA able to transit from the nucleus into the cytoplasm, where the encoded information is translated into protein.


Alternative splicing is a process for efficiently generating multiple gene products often dictated by tissue specificity, developmental expression, and pathologic state. Gene splicing allows the expression of multiple isoforms by expanding the repertoire for molecular diversity. An estimated 30% of genetic diseases in humans arise from defects in splicing. The resulting mature mRNA then exits the nucleus to begin the process of translation or conversion of the base code to polypeptide (Fig. 1-2). Alternative splicing pathways (i.e., alternative exonic assembly pathways) for specific genes also serve at the level of transcriptional regulation. The discovery of catalytic RNA, the capacity for self-directed internal excision and repair, has advanced the current view that RNA per se serves both as a template for translation of the genetic code and, simultaneously, as an enzyme (see “Transcriptional Regulation” later in this chapter).





[image: image]

Figure 1-2 Translation. The open reading frame of a mature messenger RNA is shown with its series of codons. Transfer RNA molecules are shown with their corresponding anticodons, charged with their specific amino acid. A short, growing polypeptide chain is depicted. A, adenine; C, cytosine; CYS, cysteine; G, guanine; MET, methionine; PRO, proline; THR, threonine; U, uracil.




Protein synthesis, or translation of the mRNA code, occurs on ribosomes, which are macromolecular complexes of proteins and rRNA located in the cytoplasm. Translation involves the conversion of the linear code of a triplet of bases (i.e., the codon) into the corresponding amino acid. A four-base code generates 64 possible triplet combinations (4 × 4 × 4), and these correspond to 20 different amino acids, many of which are encoded by more than one base triplet. To decode mRNA, an adapter molecule (tRNA) recognizes the codon in mRNA through complementary base pairing with a three-base anticodon that it bears; in addition, each tRNA is charged with a unique amino acid that corresponds to the anticodon (Fig. 1-3).
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Figure 1-3 Secondary structure of transfer RNA (tRNA). The structure of each tRNA serves as an adapter molecule that recognizes a specific codon for the amino acid to be added to the polypeptide chain. About one half the hydrogen-bonded bases of the single chain of ribonucleotides are shown paired in double helices like a cloverleaf. The 5′ terminus is phosphorylated, and the 3′ terminus contains the hydroxyl group on an attached amino acid. The anticodon loop is typically located in the middle of the tRNA molecule. C, cytocide; DHU, dihydroxyuridine; G, guanine; UH2, dihydrouridine; ψ, pseudouridine; T, ribothymidine; U, uracil.


(Data from Berg JM, Tymoczko JL, Strayer JL: Berg, Tymoczko and Stryer’s Biochemistry, 5th ed. New York, WH Freeman, 2006.)





Translation on the mRNA template proceeds without punctuation of the non-overlapping code with the aid of rRNA on an assembly machine, termed ribosomes—essentially a polypeptide polymerase. At least one tRNA molecule exists for each 20 amino acids, although degeneracy in the code expands the number of available tRNA molecules, mitigates the chances of premature chain termination, and ameliorates the potential deleterious consequences of single-base mutations. The enzymatic activity of the ribosome then links amino acids through the synthesis of a peptide bond, releasing the tRNA in the process.


Consecutive linkage of amino acids in the growing polypeptide chain represents the terminal event in the conversion of information contained within the nuclear DNA sequence into mature protein (DNA → RNA → protein). Proteins are directly responsible for the form and function of an organism. Thus, abnormalities in protein structure or function brought about by changes in primary amino acid sequence are the immediate precedent cause of changes in phenotype, adverse forms of which define a disease state.


Inhibition of RNA synthesis is a well-recognized mechanism of specific toxins and antibiotics. Toxicity from the ingestion of the poisonous mushroom (Amanita phalloides), for example, leads to the release of the toxin α-amanitin, a cyclic octapeptide that inhibits the RNA Pol II and blocks elongation of RNA synthesis. The antibiotic actinomycin D binds with high affinity to double-helical DNA and intercolates between base pairs, precluding access of DNA-dependent RNA polymerases and the selective inhibition of transcription. Several major antibiotics function through inhibition of translation. For example, the aminoglycoside antibiotics function through the disruption of the mRNA-tRNA codon-anticodon interaction, whereas erythromycin and chloramphenicol inhibit peptide bond formation.









Control of Gene Expression






OVERVIEW


The timing, duration, localization, and magnitude of gene expression are all important elements in the complex tapestry of cell form and function governed by the genome. Gene expression represents the flow of information from the DNA template into mRNA transcripts and the process of translation into mature protein.


Four levels of organization involving transcription factors, RNAs, chromatin structure, and epigenetic factors are increasingly recognized to orchestrate gene expression in the mammalian genome. Transcriptional regulators bind to specific DNA motifs that positively or negatively control the expression of neighboring genes. The information contained in the genome must be transformed into functional units of either RNA or protein products. How DNA is packed and modified represents additional modes of gene regulation by disrupting the access of transcription factors from DNA-binding motifs. In the postgenomic era, the challenge is to understand the architecture by which the genome is organized, controlled, and modulated.


Transcription factors, chromatin architecture, and modifications of nucleosomal organization make up the major mechanisms of gene regulation in the genome.









TRANSCRIPTIONAL REGULATION


The principal regulatory step in gene expression occurs at the level of gene transcription. A specific DNA-dependent RNA polymerase performs the transcription of information contained in genomic DNA into mRNA transcripts. Transcription begins at a proximal (i.e., toward the 5′ end of the gene) transcription start site, containing nucleotide sequences that influence the rate and extent of the process (see Fig. 1-1). This region is known as the promoter region of the gene and often includes an element of sequence rich in adenine and thymine (the TATA box) along with other sequence motifs within about 100 bases of the start site. These regions of DNA that regulate transcription are known as cis-acting regulatory elements. Some of these regulatory regions of promoter sequence bind proteins known as trans-acting factors, or transcription factors, which are themselves encoded by other genes. The cis-acting regulatory sequences to which transcription factors bind are often referred to as response elements. Families of transcription factors have been identified and are often described by unique aspects of their predicted protein secondary structure, including helix-turn-helix motifs, zinc-finger motifs, and leucine-zipper motifs. Transcription factors make up an estimated 3% to 5% of the protein-coding products of the genome.


In addition to gene-promoter regions, enhancer sites are distinct from promoter sites in that they can exist at distances quite remote from the start site, either upstream or downstream (i.e., beyond the 3′ end of the gene), and without clear orientation requirements. Trans-acting factors bind to these enhancer sites and are believed to alter the tertiary structure or conformation of the DNA in a manner that facilitates the binding and assembly of the transcription-initiation complex at the promoter region, perhaps in some cases by forming a broad loop of DNA in the process. Biochemical modification of select promoter or enhancer sequences, such as methylation of CpG-rich sequences (cytosine-phosphate-guanine), can also modulate transcription; methylation typically suppresses transcription. The terms silencer and suppressor elements refer to cis-acting nucleotide sequences that reduce or shut off gene transcription and do so through association with trans-acting factors that recognize these specific sequences.


Regulation of transcription is a complex process that occurs at several levels; importantly, the expression of many genes is regulated to maintain high basal levels, which are known as housekeeping or constitutively expressed genes. They typically yield protein products that are essential for normal cell function or survival and thus must be maintained at a specific steady-state concentration under all circumstances. Many other genes, in contrast, are not expressed or are only modestly expressed under basal conditions; however, with the imposition of some stress or exposure of the cell to an agonist that elicits a cellular response distinct from that of the basal state, the expression of these genes is induced or enhanced. For example, the heat shock protein genes encoding stress proteins are rapidly induced in response to diverse pathophysiologic stimuli (e.g., oxidative stress, heavy metals, inflammation) in most cells and organisms. The increased heat shock protein expression is complementary to the basal level of heat shock proteins whose functions as molecular chaperones play key roles during protein synthesis to prevent protein misfolding, increase protein translocation, and accelerate protein degradation. These adaptive responses often mediate changes in phenotype that are homeostatically protective to the cell or organism.









MICRORNAS AND GENE REGULATION


Less is currently known about the determinants of translational regulation than is known about transcriptional regulation. The recent discovery and identification of small RNAs (21 to 24 mer), termed microRNAs (miRNAs), adds further complexity to the regulation of gene expression within the eukaryotic genome. First discovered in worms more than 10 years ago, miRNAs are conserved noncoding strands of RNA that bind to the 3′-untranslated regions of target mRNAs, enabling gene silencing of protein expression at the translational level. Gene-encoding miRNAs exhibit tissue-specific expression and are interspersed in regions of the genome unrelated to known genes.


Transcription of miRNAs proceeds in multiple steps from sites under the control of an mRNA promoter. RNA polymerase II transcribes the precursor miRNA, termed primary miRNA (primiRNA), containing 5′ caps and 3′ poly (A) tails. In the nucleus, the larger primiRNAs of 70 nucleotides form an internal hairpin loop, embedding the miRNA portion that undergoes recognition and subsequent excision by double-stranded RNA-specific ribonuclease, termed Drosha. Gene expression is silenced by the effect of miRNA on nascent RNA molecules targeted for degradation.


Because translation occurs at a fairly invariant rate among all mRNA species, the stability or half-life of a specific mRNA also serves as another point of regulation of gene expression. The 3′-untranslated region of mRNAs contains regions of sequence that dictate the susceptibility of the message to nuclease cleavage and degradation. Stability appears to be sequence specific and, in some cases, dependent on trans-acting factors that bind to the mRNA. The mature mRNA contains elements of untranslated sequence at both the 5′ and 3′ ends that can regulate translation.


Beginning in the organism’s early development, miRNAs may facilitate much more intricate ways for the regulation of gene expression, as have been shown for germline production, cell differentiation, proliferation, and organogenesis. Because recent studies have implicated the expression of miRNAs in brain development, cardiac organogenesis, colonic adenocarcinoma, and viral replication, this novel mechanism for gene silencing has potential therapeutic roles for congenital heart defects, viral disease, neurodegeneration, and cancer.









CHROMATIN REMODELING AND GENE REGULATION


Both the size and complexity of the human genome with 23 chromosomes, ranging in size between 50 and 250 Mb, pose formidable challenges for transcription factors to exert the specificity of DNA-binding properties in gene regulation. Control of gene expression also takes place in diverse types of cells, often with exquisite temporal and spatial specificity throughout the life span of the organism. In eukaryotic cells, the genome is highly organized into densely packed nucleic acid DNA- and RNA-protein structures, termed chromatin. The building blocks of chromatin are called histones, a family of small basic proteins that occupy one half of the mass of the chromosome. Histones derive their basic properties from the high content of basic amino acids, arginine, and lysine. Five major types of histones—H1, H2A, H2B, H3, and H4—have evolved to form complexes with the DNA of the genome. Two pairs each of the four types of histones form a protein core, the histone octomer, which is wrapped by 200 base pairs of DNA to form the nucleosome (Fig. 1-4). The core proteins within the nucleosomes have protruding amino-terminal ends, exposing critical lysine and arginine residues for covalent modification. Further DNA condensation is achieved as higher-order structure is imparted on the chromosomes. The nucleosomes are further compacted in layered stacks with a left-handed superhelix resulting in negative supercoils that provide the energy for DNA strand separation during replication.
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Figure 1-4 Schematic representation of a nucleosome. Rectangular blocks represent the DNA strand wrapped around the core that consists of eight histone proteins. Each histone has a protruding tail that can be modified to repress or activate transcription.


(Adapted from Berg JM, Tymoczko JL, Strayer JL: Berg, Tymoczko and Stryer’s Biochemistry, 5th ed. New York, WH Freeman, 2006.)





Condensation of DNA in chromatin precludes the access of regulatory molecules such as transcription factors. Reversal of chromatin condensation, on the other hand, typically occurs in response to environmental and other developmental signals in a tissue-dependent manner. Promoter sites undergoing active transcription, as well as relaxation of chromatin structure, that become susceptible to enzymatic cleavage by nonspecific DNAase I are called hypersensitive sites. Transcription factors on promoter sites may gain access by protein-protein interactions to enhancer elements containing tissue-specific proteins at remote sites, several thousand bases away, resulting in transcription activation or repression.









EPIGENETIC CONTROL OF GENE EXPRESSION


Complex regulatory networks revolve around transcription factors, nucleosomes, chromatin structure, and epigenetic markings. Epigenetics refers to heritable changes in gene expression without changes in the DNA sequence. Such examples include DNA methylation, gene silencing, chromatin remodeling, and X-chromosome inactivation. This form of inheritance involves the alterations in gene function without changes in DNA sequence. Chemical marking of DNA methylation is both cell specific and developmentally regulated. Methylation of the 5′ CpG dinucleotide by specific methyl transferases, which occurs in 70% of the mammalian genome, is another mechanism of gene regulation. Steric hindrance from the bulky methyl group of 5′ methylcytosine precludes occupancy by transcription factors that stimulate or attenuate gene expression. Most genes are found in CpG islands, reflecting sites of gene activity across the genome.


In an analogous manner, modifications of histone by phosphorylation, methylation, ubiquination, and acetylation are transmitted and reestablished in an inheritable manner. It is conceivable that other epigenetic mechanisms do not involve genomic modifications of DNA. For example, modification of the gene encoding the estrogen receptor α has been implicated in gene silencing at 5mC sites of multiple downstream targets in breast cancer cells. Powerful new approaches are being developed to examine feedback and feed-forward loops in transmission of epigenetic markings.


The concept that dynamic modifications (e.g., DNA methylation and acetylation) of histones or epigenesis contribute, in part, to tumorigenic potential for progression has already been translated into current therapies. Histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs) play antagonistic roles in the addition and removal of acetylation in the genome. Furthermore, genome-wide analysis of HATs and HDACs is beginning to provide important insights into complex modes of gene regulation. Several inhibitors of histone deacetylases, with a range of biochemical and biologic activities, are being developed and tested as anticancer agents in clinical trial. Phase I clinical trials have suggested these drugs are well tolerated. In general, the inhibition of deacetylase remodels chromatin assembly and reactivates transcription of the genome. Because the mechanisms of actions of HDACs extend to apoptosis, cell cycle control, and cellular differentiation, current clinical trials are seeking to determine the efficacy of these novel reagents in the drug compendium for human cancers.












Genetic Sequence Variation, Population Diversity, and Genetic Polymorphisms


A stable, heritable change in DNA is defined as a mutation. This strict contemporary definition does not depend on the functional relevance of the sequence alteration and implicates a change in primary DNA sequence. Considered in historical context, mutations were first defined on the basis of identifiable changes in the heritable phenotype of an organism. As biochemical phenotyping became more precise in the mid-20th century, investigators demonstrated that many proteins exist in more than one form in a population, and these forms were viewed as a consequence of variations in the gene coding for that protein (i.e., allelic variation). With advances in DNA-sequencing methods, the concept of mutation evolved from one that could be appreciated only by identifying differences in phenotype to one that could precisely be defined at the level of changes in the structure of DNA. Although most mutations are stably transmitted from parents to offspring, some are genetically lethal and thus cannot be passed on. In addition, the discovery of regions of the genome that contain sequences that repeat in tandem a highly variable number of times (tandem repeats) suggests that some mutations are less stable than others. These tandem repeats are further described later in this section.


The molecular nature of mutations is varied (Table 1-1). A mutation can involve the deletion, insertion, or substitution of a single base, all of which are referred to as point mutations. Substitutions can be further classified as silent when the amino acid encoded by the mutated triplet does not change, as missense when the amino acid encoded by the mutated triplet changes, and as nonsense when the mutation leads to premature termination of translation (stop codon). On occasion, point mutations can alter the processing of precursor mRNA by producing alternate splice sites or eliminating a splice site. When a single- or double-base deletion or insertion occurs in an exon, a frameshift mutation results, usually leading to premature termination of translation at a now in-frame stop codon. The other end of the spectrum of mutations includes large deletions of an entire gene or a set of contiguous genes; deletion, duplication, and translocation of a segment of one chromosome to another; or duplication or deletion of an entire chromosome. Such chromosomal mutations play a large role in the development of many cancers.


Table 1-1 Molecular Basis of Mutations






	Type

	Examples






	Point Mutations






	Deletion

	α-Thalassemia, polycystic kidney disease






	Substitution






	Silent

	Cystic fibrosis






	Missense

	Sickle cell anemia, polycystic kidney disease, congenital long QT syndrome






	Nonsense

	Cystic fibrosis, polycystic kidney disease






	Large Mutations (Gene or Gene Cluster)






	Deletion

	Duchenne muscular dystrophy






	Insertion

	Factor VIII deficiency (hemophilia A)






	Duplication

	Duchenne muscular dystrophy






	Inversion

	Factor VIII deficiency






	Expanding triplet

	Huntington disease






	Very Large Mutation (Chromosomal Segment or Chromosome)






	Deletion

	Turner syndrome (45,X)






	Duplication

	Trisomy 21






	Translocation

	XX male [46,X; t(X;Y)]*








* Translocation onto an X chromosome of a segment of a Y chromosome that bears the locus for testicular differentiation.


Each individual possesses two alleles for any given gene locus, one from each parent. Identical alleles define homozygosity and nonidentical alleles define heterozygosity for any gene locus. The heritability of these alleles follows typical mendelian rules. With a clearer understanding of the molecular basis of mutations and of allelic variation, their distribution in populations can now be analyzed precisely by following specific DNA sequences. Differences in DNA sequences studied within the context of a population are referred to as genetic polymorphisms, and these polymorphisms underlie the diversity observed within a given species and among species.


Despite the high prevalence of benign polymorphisms in a population, the occurrence of harmful mutations is comparatively rare because of selective pressures that eliminate the most harmful mutations from the population (lethality) and the variability within the genomic sequence to polymorphic change. Some portions of the genome are remarkably stable and free of polymorphic variation, whereas other portions are highly polymorphic, the persistence of variation within which is a consequence of the functional benignity of the sequence change. In other words, polymorphic differences in DNA sequence between individuals can be divided into those producing no effect on phenotype, those causing benign differences in phenotype (i.e., normal genetic variation), and those producing adverse consequences in phenotype (i.e., mutations). The last group can be further subdivided into the polymorphic mutations that alone are able to produce a functionally abnormal phenotype such as monogenic disease (e.g., sickle cell anemia) and those that alone are unable to do so but in conjunction with other mutations can produce a functionally abnormal phenotype (complex disease traits [e.g., essential hypertension]).


Polymorphisms are more common in noncoding regions of the genome than they are in coding regions, and one common type of these involves the tandem repetition of short DNA sequences a variable number of times. If these tandem repeats are long, they are termed variable number tandem repeats; if these repeats are short, they are termed short tandem repeats (STRs). During mitosis, the number of tandem repeats can change, and the frequency of this kind of replication error is high enough to make alternative lengths of the tandem repeats common in a population. However, the rate of change in length of the tandem repeats is low enough to make the size of the polymorphism useful as a stable genotypic trait in families. In view of these features, polymorphic tandem repeats are useful in determining the familial heritability of specific genomic loci. Polymorphic tandem repeats are sufficiently prevalent along the entire genomic sequence, enabling them to serve as genetic markers for specific genes of interest through an analysis of their linkage to those genes during crossover and recombination events. Analyses of multiple genetic polymorphisms in the human genome reveal that a remarkable variation exists among individuals at the level of the sequence of genomic DNA (genotyping). Single-nucleotide polymorphism (SNP), the most common variant, differs by a single base between chromosomes on any given stretch of DNA sequence (Fig. 1-5). From genotyping of the world’s representative population, 10 million variants (one site per 300 bases) are estimated to make up 90% of the common SNP variants in the population, with the rare variants making up the remaining 10%. With each generation of a species, the frequency of polymorphic changes in a gene is 10−4 to 10−7. Thus, in view of the number of genes in the human genome, between 0.5% and 1.0% of the base sequence of the human genome is polymorphic. In this context, the new variant can be traced historically to the surrounding alleles on the chromosomal background present at the time of the mutational event. A haplotype is a specific set or combination of alleles on a chromosome or part of a chromosome (see Fig. 1-5). When parental chromosomes undergo crossover, new mosaic haplotypes, containing additional mutations, are created from such recombinations. SNP alleles within haplotypes can be co-inherited in association with other alleles in the population, termed linkage disequilibrium (LD). The association between two SNPs will decline with increasing distance, enabling patterns of LD to be decided from the proximity of nearby SNPs. Conversely, a few well-selected SNPs are often sufficient to predict the location of other common variants in the region.
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Figure 1-5 Single nucleotide polymorphisms (SNPs), haplotypes, and tag SNPs. A stretch of mostly identical DNA on the same chromosome is shown from four different individuals. SNP refers to the variation of the three bases shown in DNA region. The combination of nearby SNPs defines a haplotype. Tag SNPs are useful tools shown (C) for genotyping four unique haplotypes from the 20 haplotypes (B).


(Adapted from International HapMap Consortium: The International HapMap Project. Nature 426:789-796, 2003.)





Haplotypes associated with a mutation are expected to become common by recombination in the general population over thousands of generations. In contrast, genetic mapping with LD departs from traditional mendelian genetics by using the entire human population as a large family tree without an established pedigree. Of the possible 10 million variants, the International HapMap Project and the Perlegen private venture have deposited more than 8 million variants comprising the public human SNP map from more than 341 people representing different population samples. The SNPs distributed across the genome of unrelated individuals provide a sufficiently robust sample set for statistical associations to be drawn between genotypes and modest phenotypes. A mutation can now be defined as a specific type of allelic polymorphism that causes a functional defect in a cell or organism.


The causal relationship between monogenic diseases with well-defined phenotypes that co-segregate with the disease requires only a small number of affected individuals compared with unaffected control individuals. In contrast, complex disorders (e.g., diabetes, hypertension, cancer) will necessitate the combinatorial effects of environmental factors and genes with subtle effects. Only through searching for variations in genetic frequency between patients and the general population can the causation of disease be discerned. In the postgenomic era, gene mapping entails the statistical association with the use of LD and high-density genetic maps that span thousands to 100,000 base pairs. To enable comprehensive association studies to become routine in clinical practice, inexpensive genotyping assays and denser maps with all common polymorphisms must be linked to all possible manifestations of the disease. Longitudinal studies of the HapMap and Perlegen cohorts will determine the effects of diet, exercise, environmental factors, and family history on future clinical events. Without similar approaches on securing adequate sample sizes and datasets, the promise of genetic population theory will not overcome the inherent limitations of linking human sequence variation with complex disease traits.









Gene Mapping and the Human Genome Project


The process of gene mapping involves identifying the relative order and distance of specific loci along the genome. Maps can be of two types: genetic and physical. Genetic maps identify the genomic location of specific genetic loci by a statistical analysis based on the frequency of recombination events of the locus of interest with other known loci. Physical maps identify the genomic location of specific genetic loci by a direct measurement of the distance along the genome at which the locus of interest is located in relation to one or more defined markers. The precise location of genes on a chromosome is important for defining the likelihood that a portion of one chromosome will interchange, or cross over, with the corresponding portion of its complementary chromosome when genetic recombination occurs during meiosis (Fig. 1-6).
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Figure 1-6 Crossing over and recombination. A, Two haploid chromosomes are shown, one from each parent (red and blue) with two genomic loci denoted by the circles and squares. B, Crossing over of one haploid chromosome from each parent. C, Resulting recombination of chromosomal segments now redistributes one haploid locus (squares) from one diploid pair to another.




During meiotic recombination, genetic loci or alleles that have been acquired from one parent interchange with those acquired from the other parent to produce new combinations of alleles, and the likelihood that alleles will recombine during meiosis varies as a function of their linear distance from one another in the chromosomal sequence. This recombination probability or distance is commonly quantitated in centimorgans (cM): 1 cM is defined as the chromosomal distance over which there is a 1% chance that two alleles will undergo a crossover event during meiosis. Crossover events serve as the basis for mixing parental base sequences during development and, thereby, promoting genetic diversity among offspring. Analysis of the tendency for specific alleles to be inherited together indicates that the recombination distance in the human genome is about 3000 cM.


Identifying the gene or genes responsible for a specific polygenic disease phenotype requires an understanding of the topographic anatomy of the human genome, which is inextricably linked to interactions with the environment. The Human Genome Project, first proposed in 1985, represented an international effort to determine the complete nucleotide sequence of the human genome, including the construction of its detailed genetic, physical, and transcript maps, with identification and characterization of all genes. This foray into large-scale biology was championed by Nobel Laureate James Watson as the defining moment in his lifetime for witnessing the path from the double helix to the sequencing of 3 billion bases of the human genome, paving the way for understanding human evolution and harnessing the benefits for human health.


Among the earliest achievements of the Human Genome Project were the development of 1-cM resolution maps, each containing 3000 markers, and the identification of 52,000 sequenced tagged sites. For functional analysis on a genome-wide scale, major technologic advances were made, including as high-throughput oligonucleotide synthesis, normalized and subtracted complementary DNA (cDNA) libraries, and DNA micro-arrays. In 1998, the Celera private venture proposed a similar goal as the Human Genome Project using a revolutionary approach, termed shotgun sequencing, to determine the sequence of the human genome (Web Movie 1-1 [image: image]). The shotgun sequencing method was designed for random large-scale sequencing and subsequent alignment of sequenced segments using computational and mathematic modeling. In the end, the Human Genome Project, in collaboration with the Celera private venture, produced a refined map of the entire human genome in 2001.


Because of the differences in genomic sequence that arise as a consequence of normal biologic variations or sequence polymorphisms, the resulting restriction fragment length polymorphisms (RFLPs) differ among individuals and are inherited according to mendelian principles. These polymorphisms can serve as genetic markers for specific loci in the genome. One of the most useful types of RFLP for localization of genetic loci within the genome is that produced by tandem repeats of sequence. Tandem repeats arise through slippage or stuttering of the DNA polymerase during replication in the case of STRs; longer variations arise through unequal crossover events. STRs are distributed throughout the genome and are highly polymorphic. Of importance is that these markers have two different alleles at each locus that are derived from each parent; thus, the origins of the two chromosomes can be discerned through this analysis.


The use of highly polymorphic tandem repeats that occur throughout the genome as genomic markers has provided a basis for mapping specific gene loci through establishing the association or linkage with select markers. Linkage analysis is predicated on a simple principle: the likelihood that a crossover event will occur during meiosis decreases the closer the locus of interest is to a given marker. The extent of genetic linkage can be ascertained for any group of loci, one of which may contain a disease-producing mutation (Fig. 1-7).
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Figure 1-7 Linkage analysis. Analysis of the association (genomic contiguity) of a mutation (M) and a polymorphic allelic marker (A) shows close linkage in that the mutation segregates with the A allele, whereas the wild-type gene locus (WT) associates with the B allele.











Identifying Mutant Genes


Deducing the identity of a specific gene sequence believed to cause a specific human disease requires that mutations in the gene of interest be identified. If the gene believed to be responsible for the disease phenotype is known, its sequence can be determined by conventional cloning and sequencing strategies, and the mutation can be identified. A variety of techniques are currently available for detecting mutations. Mutations that involve insertion or deletion of large segments of DNA can be detected by Southern blot, in which the isolated DNA is annealed to a radioactively labeled fragment of cDNA sequence. Prior incubation of the DNA with a specific restriction endonuclease cleaves the DNA sequence of interest at specific sites to produce smaller fragments that can be monitored by agarose gel electrophoresis. Shifts in mobility on the gel in comparison with wild-type sequence become apparent as a function of changes in the molecular size of the fragment. Alternatively, the polymerase chain reaction (PCR) can be used to identify mutations (Web Movie 1-2 [image: image]).


In this approach, small oligonucleotides (20 to 40 bases in length), which are complementary to regions of DNA that bracket the sequence of interest and are complementary to each strand of the double-stranded DNA, are synthesized and serve as primers for the amplification of the DNA sequence of interest. These primers are added to the DNA solution. The temperature of the solution is increased to dissociate the individual DNA strands and is then reduced to permit annealing of the primers to their complementary template target sites. A thermostable DNA polymerase is included in the reaction to synthesize new DNA in the 5′-to-3′ direction from the primer annealing sites. The temperature is then increased to dissociate duplex structures, after which it is reduced, enabling another cycle of DNA synthesis to occur. Several temperature cycles (usually up to 40) are used to amplify progressively the concentration of the sequence of interest, which can be identified as a PCR product by agarose gel electrophoresis with a fluorescent dye. The product can be isolated and sequenced to identify the suggested mutation.


If the gene is large and the site of the mutation is unknown (especially if it is a point mutation), other methods can be used to identify the likely mutated site in the exonic sequence. One commonly used approach involves scanning the gene sequence for mutations that alter the structural conformation of short complexes between parent DNA and PCR products, leading to a shift in mobility on a nondenaturing agarose gel (i.e., single-strand conformational polymorphism). A single-base substitution or deletion can change the conformation of the complex in comparison with wild-type complexes and yield a shift in mobility. Sequencing this comparatively small region of the gene then facilitates precise identification of the mutation.


When the gene believed to cause the disease phenotype is unknown, when its likely position on the genome has not been identified, or when only limited mapping information is available, a candidate gene approach can be used to identify the mutated gene. In this strategy, potential candidate genes are identified on the basis of analogy to animal models or by analysis of known genes that map to the region of the genome for which limited information is available. The candidate gene is then analyzed for potential mutations. Regardless of the approach used, mutations identified in candidate genes should always be correlated with functional changes in the gene product because some mutations could be functionally silent, representing a polymorphism without phenotypic consequences. Functional changes in the gene product can be evaluated through the use of cell-culture systems to assess protein function by expressing the mutant protein through transiently transfecting the cells with a vector that carries the cDNA coding for the gene of interest and incorporating the mutation of interest. Alternatively, unique animal models can be developed in which the mutant gene is incorporated in the male pronucleus of oocytes taken from a super-ovulating impregnated female. This union produces an animal that overexpresses the mutant gene; that is, it produces a transgenic animal, an animal with more than the usual number of copies of a given gene, or an animal in which the gene of interest is disrupted and the gene product is not synthesized (i.e., a gene knockout animal or an animal with one half [heterozygote] or none [homozygote] of the usual number of a given gene).






MOLECULAR DIAGNOSTICS


The power of molecular techniques extends beyond their use in defining the precise molecular basis of an inherited disease. By exploiting the exquisite sensitivity of PCR to amplify rare nucleic acid sequences, it is possible to diagnose rapidly a range of infectious diseases for which unique sequences are available. In particular, infections caused by fastidious or slow-growing organisms can now be rapidly diagnosed, similar to the case for Mycobacterium tuberculosis. The presence of genes conferring resistance to specific antibiotics in microorganisms can also be verified by PCR techniques. The sequencing of the entire genome of organisms such as Escherichia coli, M. tuberculosis, and Treponema pallidum now offers unparalleled opportunities to monitor the epidemiologic structures of infections, follow the course of acquired mutations, tailor antibiotic therapies, and develop unique gene-based therapies (see later) for infectious agents for which conventional antibiotic therapies are ineffective or marginally effective.


The application of molecular methods to human genetics has clearly revolutionized the field. Through the use of approaches that incorporate linkage analysis and PCR, simple point mutations can be precisely localized and characterized. At the other end of the spectrum of genetic changes that underlie disease, chromosomal translocations, deletions, or duplications can be identified by conventional cytogenetic methods. Large deletions that can incorporate many kilobase pairs and many genes can now be visualized with fluorescent in situ hybridization (FISH), a technique in which a segment of cloned DNA is labeled with a fluorescent tag and hybridized to chromosomal DNA. With the deletion of the segment of interest from the genome, the chromosomal DNA fails to fluoresce in the corresponding chromosomal location.


Advances in molecular medicine have also revolutionized the approach to the diagnosis and treatment of neoplastic diseases, as well as the understanding of the mechanisms of carcinogenesis. According to current views, a neoplasm arises from the clonal proliferation of a single cell that is transformed from a regulated, quiescent state into an unregulated growth phase. DNA damage accumulates in the parental tumor cell as a result of either exogenous factors (e.g., radiation exposure) or heritable determinants. In early phases of carcinogenesis, certain genomic changes may impart intrinsic genetic instability that increases the likelihood of additional damage. One class of genes that becomes activated during carcinogenesis is oncogenes, which are primordial genes that normally exist in the mammalian genome in an inactive (proto-oncogene) state but, when activated, promote unregulated cell proliferation through activation of specific intracellular signaling pathways.


Molecular methods based on the acquisition of specific tumor markers and unique DNA sequences that result from oncogenetic markers of larger chromosomal abnormalities (i.e., translocations or deletions that promote oncogenesis) are now broadly applied to the diagnosis of malignancies. These methods can be used to establish the presence of specific tumor markers and oncogenes in biopsy specimens, to monitor the presence or persistence of circulating malignant cells after completion of a course of chemotherapy, and to identify the development of genetic resistance to specific chemotherapeutic agents. In addition, through the use of conventional linkage analysis and candidate gene approaches, future studies will enable the identification of individuals with a heritable predisposition to malignant transformation. Many of these specific topics are discussed in later chapters.


The advent of gene chip technologies or expression arrays has revolutionized molecular diagnostics and has begun to clarify the pathobiologic structures of complex diseases. These methods involve labeling the cDNA generated from the entire pool of mRNA isolated from a cell or tissue specimen with a radioactive or fluorescent marker and annealing this heterogeneous population of polynucleotides to a solid-phase substrate to which many different polynucleotides of known sequence are attached. The signals from the labeled cDNA strands bound to specific locations on the array are monitored, and the relative abundance of particular sequences is compared with that from a reference specimen. Using this approach, micro-array patterns can be used as molecular fingerprints to diagnose a particular disease (i.e., type of malignancy and its susceptibility to treatment and prognosis) as well as to identify the genes whose expression increases or decreases in a specific disease state (i.e., identification of disease-modifying genes).


Of course, many other applications of molecular medicine techniques are available, in addition to these applications in infectious diseases and oncology. Molecular methods can be used to sort out genetic differences in metabolism that may modulate pharmacologic responses in a population of individuals (pharmacogenomics), address specific forensic issues such as paternity or criminal culpability, and approach epidemiologic analysis on a precise genetic basis.









GENES AND HUMAN DISEASE


Human genetic diseases can be divided into three broad categories: (1) those that are caused by a mutation in a single gene (e.g., monogenic disorders, mendelian traits); (2) those that are caused by mutations in more than one gene (e.g., polygenic disorders, complex disease traits); and (3) those that are chromosomal in nature (Table 1-2). In all three groups of disorders, environmental factors can contribute to the phenotypic expression of the disease by modulating gene expression or unmasking a biochemical abnormality that has no functional consequences in the absence of a stimulus or stress. Classic monogenic disorders include sickle cell anemia, familial hypercholesterolemia, and cystic fibrosis. Importantly, these genetic diseases can be exclusively produced by a single specific mutation (e.g., sickle cell anemia) or by any one of several mutations (e.g., familial hypercholesterolemia, cystic fibrosis) in a given family (Pauling paradigm). Interestingly, some of these disorders evolved to protect the host. For example, sickle cell anemia evolved as protection against falciparum malaria, and cystic fibrosis developed as protection against cholera. Examples of polygenic disorders or complex disease traits include type 1 (insulin-dependent) diabetes mellitus, atherosclerotic cardiovascular disease, and essential hypertension. A common example of a chromosomal disorder is the presence of an extra chromosome 21 (trisomy 21). The overall frequency of monogenic disorders is about 1%. About 60% of these include polygenic disorders, which includes those with a genetic substrate that develops later in life. About 0.5% of monogenic disorders include chromosomal abnormalities. Importantly, chromosomal abnormalities are frequent causes of spontaneous abortion and malformations.


Table 1-2 Molecular Basis of Mutations






	Type

	Examples






	Monogenic Disorders






	Autosomal dominant

	Polycystic kidney disease 1, neurofibromatosis 1






	Autosomal recessive

	β-Thalassemia, Gaucher disease






	X-linked

	Hemophilia A, Emery-Dreifuss muscular dystrophy






	One of multiple mutations

	Familial hypercholesterolemia, cystic fibrosis






	Polygenic Disorders






	Complex disease traits

	Type 1 (insulin-dependent) diabetes, essential hypertension, atherosclerotic disease, cancer







Contrary to the view held by early geneticists, few phenotypes are entirely defined by a single genetic locus. Thus, monogenic disorders are comparatively uncommon; however, they are still useful as a means to understanding some basic principles of heredity. Monogenic disorders are of three types: autosomal dominant, autosomal recessive, and X-linked. Dominance and recessiveness refer to the nature of the heritability of a genetic trait and correlate with the number of alleles affected at a given locus. If a mutation in a single allele determines the phenotype, the mutation is said to be dominant; that is, the heterozygous state conveys the clinical phenotype to the individual. In contrast, if a mutation is necessary at both alleles to determine the phenotype, the mutation is said to be recessive; that is, only the homozygous state conveys the clinical phenotype to the individual. Dominant or recessive mutations can lead to either a loss or a gain of function of the gene product. If the mutation is present on the X chromosome, it is defined as X-linked (which in males can, by definition, be viewed only as dominant); otherwise, it is autosomal. The importance of identifying a potential genetic disease as inherited by one of these three mechanisms is that, if one of these patterns of inheritance is present, the disease must involve a single genomic abnormality that leads to an abnormality in a single protein. Classically identified genetic diseases are produced by mutations that affect coding (exonic) sequences. However, mutations in intronic and other untranslated regions of the genome occur that may disturb the function or expression of specific genes. Examples of diseases with these types of mutations include myotonic dystrophy and Friedreich ataxia.


An individual with a dominant monogenic disorder typically has one affected parent and a 50% chance of transmitting the mutation to his or her offspring. In addition, men and women are equally likely to be affected and equally likely to transmit the trait to their offspring. The trait cannot be transmitted to offspring by two unaffected parents. In contrast, an individual with a recessive monogenic disorder typically has parents who are clinically normal. Affected parents, each heterozygous for the mutation, have a 25% chance of transmitting the clinical phenotype to their offspring but a 50% chance of transmitting the mutation to their offspring (i.e., producing an unaffected carrier).


Notwithstanding the clear heritability of common monogenic disorders (e.g., sickle cell anemia), the clinical expression of the disease in an individual with a phenotype expected to produce the disease may vary. Variability in clinical expression is defined as the range of phenotypic effects observed in individuals carrying a given mutation. Penetrance refers to a smaller subset of individuals with variable clinical expression of a mutation and is defined as the proportion of individuals with a given genotype who exhibit any clinical phenotypic features of the disorder. Three principal determinants of variability in clinical expression or incomplete penetrance of a given genetic disorder can occur: (1) environmental factors, (2) the effects of other genetic loci, and (3) random chance. Environmental factors can modulate disease phenotype by altering gene expression in several ways, including their action on transcription factors (e.g., transcription factors that are sensitive to cell redox state [nuclear factor κB]) or cis-elements in gene promoters (e.g., folate-dependent methylation of CpG-rich regions); or by post-translationally modifying proteins (e.g., lysine oxidation). That other genes can modify the effects of disease-causing mutations is a reflection of the overlay of genetic diversity on primary disease phenotype. Numerous examples exist of the effects of these so-called disease-modifying genes producing phenotypic variations among individuals with the identical primary disease-causing mutations (gene-gene interactions) and the effects of disease-modifying genes interacting with environmental determinants to alter phenotype further (gene-environment interactions). These interactions are clearly important in polygenic diseases; gene-gene and gene-environment interactions can modify the phenotypic expression of the disease. Among patients with sickle cell disease, for example, some patients experience painful crises, whereas others exhibit acute chest syndrome; still other presentations include hemolytic crises.


Genetic disorders affecting a unique pool of DNA, mitochondrial DNA, have been identified. Mitochondrial DNA is unique in that it is inherited only from the mother. In addition, mutations in mitochondrial DNA can vary among mitochondria within a given cell and within a given individual (heteroplasmy). Examples of genetic disorders based in the mitochondrial genome are Kearns-Sayre syndrome and Leber hereditary optic neuropathy. The list of known mitochondrial genomic disorders is growing rapidly, and mitochondrial contributions to a large number of common polygenic disorders may also exist.









MOLECULAR MEDICINE


A principal goal of current molecular strategies is to restore normal gene function to individuals with genetic mutations. Methods to do so are currently primitive, and a number of obstacles must be surmounted for this approach to be successful.


The principal problems are that to deliver a complete gene into a cell is not easy, and persistent expression of the new gene cannot be ensured because of the variability in its incorporation in the genome and the consequent variability in its regulated expression. Many approaches have been used to date, but none has been completely successful. They include the following: (1) packaging the cDNA in a viral vector, such as an attenuated adenovirus, and using the cell’s ability to take up the virus as a means for the cDNA to gain access to the cell; (2) delivering the cDNA by means of a calcium phosphate–induced perturbation of the cell membrane; and (3) encapsulating the cDNA in a liposome that can fuse with the cell membrane and thereby deliver the cDNA.


After the cDNA has been successfully delivered to the cell of interest, the magnitude and durability of expression of the gene product are important variables. The magnitude of expression is determined by the number of copies of cDNA taken up by a cell and the extent of their incorporation in the genome of the cell. The durability of expression appears to be dependent partly on the antigenicity of the sequence and protein product.


Notwithstanding these technical limitations, gene therapy has been used to treat adenosine deaminase deficiency successfully, which suggests that the principle on which the treatment is based is reasonable. Clinical trials of gene therapy have slowed considerably after unexpected deaths were widely reported in both the scientific and lay media. Efforts on other genetic disorders and as a means to induce expression of a therapeutic protein (e.g., vascular endothelial cell growth factor to promote angiogenesis in ischemic tissue) are ongoing.


Understanding the molecular basis of disease leads naturally to the identification of unique disease targets. Recent examples of this principle have led to the development of novel therapies for diseases that have been difficult to treat. Imatinib, a tyrosine kinase inhibitor that is particularly effective at blocking the action of the bcr-abl kinase, is effective for the treatment of chronic-phase chronic myelogenous leukemia. Monoclonal antibody to tumor necrosis factor-α (infliximab) and soluble tumor necrosis factor-α receptor (etanercept) are prime examples of biologic modifiers that are effective in the therapy of chronic inflammatory disorders, including inflammatory bowel disease and rheumatoid arthritis. This approach to molecular therapeutics is rapidly expanding and holds great promise for improving the therapeutic armamentarium for a variety of diseases.


Beyond cancer-related categories (e.g., DNA, RNA repair), gene expression arrays have provided additional interactions of regulatory pathways of clinical interest. The limitation of gene expression profile using micro-arrays, which does not account for post-transcriptional and other post-translational modifications of protein-coding products, will likely be overcome by approaches and advances in proteomics. Such processes by signaling networks tend to amplify or attenuate gene expression on time scales lasting seconds to weeks. Much work remains to improve current knowledge about the pathways that initiate and promote tumors. The basic pathways and nodal points of regulation will be identified for rational drug design and target from mechanistic insights gleaned from expression profiling of cultured cell lines, from small animal models of human disease, and from human samples. Although accounting for tissue heterogeneity and variation among different cell types, the new systems’ approach for incorporating genomic and computational research appears particularly promising to decipher the pathways that promote tumorigenesis. In turn, biologists and clinicians will use information derived from these tools to understand the events that promote survival, proangiogenesis, and immune escape, all of which may confer metastatic potential and progression.


What potential diagnostic tools are available to establish genetic determinants of drug response? Genome-wide approaches from the Human Genome Project in combination with micro-arrays, proteomic analysis, and bioinformatics will identify multiple genes encoding drug targets (e.g., receptors). Similar high-throughput screening should provide insights into the predisposition to adverse effects of outcomes from treatments that are linked to genetic polymorphisms.









PHARMOCOGENETICS


The future of pharmacogenetics is to know all the factors that influence adverse drug effects. In this way, the premature abandonment of special drug classes can be avoided in favor of rational drug design and therapy.


Many hurdles must be overcome for pharmacogenetics to become more widespread and to be integrated into medical practice. Current approaches of trial and error in medical practice are well engrained on the parts of physicians. In addition, the allure for blockbuster drugs by the pharmaceutical industry warrants a new model for approaching individualized doses. New training for physicians in molecular biology and genetics should complement clinical pharmacogenomic studies that determine efficacy in an era of evidence-based medicine. Pharmacogenetic polymorphisms, unlike other clinical variables such as renal function, need only a single test, ideally as a newborn. Polygenic models of therapeutic optimization still face hurdles that reduce the chances for abuse of genetic information and additional costs. On the other hand, SNP haplotyping has the potential to identify genetically similar subgroups of the population and to randomize therapies based on more robust genetic markers. On a population level, genomic variability is much greater within than among distinct racial and ethnic groups.


Both therapeutic efficacy and host toxicity are influenced by the patient’s specific disease, age, renal function, nutritional status, and other co-morbid factors. New challenges will be posed for the selection and guide to drug therapy for patients with cancer, hypertension, and diabetes. It is conceivable that treatment of multisystem disorders (e.g., metabolic syndrome) might be derived from novel therapeutics based on individual, interacting, and complementary molecular pathways.









REGENERATIVE MEDICINE


A new era of regenerative biology has emerged with the discovery that adult mammalian cells can be reprogrammed into new cells. Regenerative medicine entails novel applications and approaches to exploit the resident population of progenitor cells for regeneration or repair of damaged tissues. After irreversible damage, transplantation of solid organs such as the heart, kidney, and lungs is a well-established medical-surgical intervention, but the limited availability of organs restricts widespread applications. Manipulation of cultured cells for transplantation heralds an alternative and complementary strategy to solid organ transplantation and offers an expanded platform for regenerative medicine. Although postmitotic, terminally differentiated organs are devoid of significant regenerative capacity, recent evidence for cellular plasticity of adult solid organs, throughout adult life, has challenged this prevailing dogma. This makeover involves approaches either to convert adult into pluripotent stem cells—retaining the ability to differentiate into new cell types—or forced reprogramming of adult cells into mature or progenitor cells.


Embryonic stem (ES) cells share common features of clonagenicity, self-renewal, and multi-potentiality, a prerequisite for differentiation into diverse cell lineages of multicellular adult organism. Both technical and ethical concerns propelled the search for new sources, including the isolation of ES cells from a single blastomere, which circumvents destruction of the embryo, and the use of post-implantation embryos as ES cell donors. Somatic cell nuclear transplantation (SCNT) or nuclear transfer (NT) is a technique for successful cloning and reprogramming of adult animal cell nuclei from healthy oocyte host cells. SCNT provides a source of stem cells tailored to the donor organism and promises to accelerate the pace for human use. Induced pluripotent stem (iPS) cells share the common features of somatic cell reprogramming but with the aid of four transcription factors by retroviral transduction. Whether symmetrical and asymmetrical cell division promotes the differentiation of pluripotent progenitor cells into distinct lineages of the mature organ awaits future studies. It is conceivable that age, gender, risk factors, and other disease status will have an impact on regenerative plasticity, proliferation, or cellular functions. Another future hurdle will be to determine whether genetic factors enhance the cellular and molecular properties of ES cells essential for the reconstitution of a well-differentiated organ in vivo.


Might progenitor cells derived from bone marrow or circulating blood be administered safely and efficaciously? Both clinical and translational scientists are being asked to address whether stem cell therapy has efficacy for the current victims of either stroke or heart attack. Beyond the feasibility are questions related to benefits from transplantation of different cells originating from embryonic, fetal, or adult stem cell lineages. Whether priming of endogenous cell-mediated repair mechanisms using genetically engineered cell lines leads to improvement in selected endpoints and clinical outcomes awaits large-scale clinical trials.





Prospectus for the Future


The concept of personalized medicine will be realized from the functional and analytical phenotyping that aids diagnosis and treatment based on the individual’s genome and disease profile. An important future challenge will be the extraction of biologically meaningful data of direct clinical relevance to diagnosis, prognosis, therapeutic response, and, ultimately, prevention.


What are the functional consequences of genome occupancy and modification in health and disease? Computational analyses will play an increasing role in understanding cancer pathogenesis and the mechanisms of disease. Information about the hierarchy of cellular functions is being coupled with powerful approaches to derive different yet complementary perspectives about molecular mechanisms. Micro-array analysis has already provided new classes of hematologic diseases and prognostic factors in breast cancer. Experimental approaches are already underway to reduce tumorigenesis into discrete modules of regulatory networks and biologic processes. A catalog of listed genes that change with tumor type, for example, should not be equated with prognosis, therapeutic response, or adverse outcomes. How to move diagnostic tools using micro-arrays and gene expression profiles into clinical decision making will be the focus of research programs in translational and clinical outcomes.


Specific therapies for many inheritable diseases have lagged substantially behind advances in other fields, but new opportunities appear on the horizon for improving prognosis and clinical outcomes in the era of regenerative medicine.
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Section II


Evidence-Based Medicine










Chapter 2 Evidence-Based Medicine, Quality of Life, and the Cost of Medicine




Sara G. Tariq, Susan S. Beland





The diagnosis and treatment of individual patients involve clinical experience and skills on the part of the physician and knowledge of scientific information obtained through clinical trials. In the past, most of the daily practice was based on informal learning and a tradition of knowledge transferred from experienced clinicians to trainees and colleagues. Increasingly, however, this informal technique is being supplanted by rigorous analysis of the scientific underpinnings of clinical logic. Electronic databases and Internet technology enable collation and dissemination of information to help identify which techniques are supported by clinical trials. Evidence-based medicine has evolved during the past decade and uses the best available evidence from published research as the foundation for clinical decision making. This foundation, in addition to clinical expertise and a respect for patient preference, will aid the physician in providing optimal outcomes and a quality of life for the patient. However, the development of new techniques in medicine, often at great cost, can strain the ability of a society to fund and provide such services. Critical appraisal of both new and traditional diagnostic and treatment modalities is thus needed.






Critical Appraisal of the Literature


Being cognizant of the types of evidence is crucial to practice evidence-based medicine. Research studies can be divided into two major categories: primary and secondary (Table 2-1).


Table 2-1 Types of Research Studies






	Primary Studies

	Secondary Studies






	Randomized control

	Meta-analyses






	Case control

	Clinical practice guidelines






	Cohort studies

	Decision analysis






	Cross sectional

	Cost-effectiveness analysis






	Case series

	 






	Case report

	 







Primary studies can have a number of designs. In randomized controlled studies, participants in the trial are randomly allocated to one intervention or another. Both groups are followed for a specified period and analyzed in terms of specific outcomes defined at the outset of the study. This type of study allows rigorous assessment of a single variable in a defined patient group, has a prospective design that potentially eradicates bias by comparing two otherwise similar groups, and allows for meta-analysis. However, these studies are expensive and time-consuming. Results of randomized controlled trials can have enormous impact on the practice of medicine, as exemplified by the Women’s Health Initiative randomized controlled trial. This study was designed to assess the risks and benefits for postmenopausal hormone use in healthy women. However, the trial was stopped early because of an increased incidence of breast cancer, coronary heart disease, stroke, and thromboembolic disease in the hormone-treated group. Cohort studies have two or more groups of participants selected on the basis of differences in their exposure to a particular agent. The participants are prospectively followed to see how many in each group develop a disease or other specific outcome. A well-known example is the Framingham Heart Study that enrolled 5200 participants in 1948 and followed them forward in time to examine the progression and risk factors for heart disease. The data provided from the Framingham Study have helped clinicians understand the development and progression of heart disease and its risk factors. As with randomized trials, cohort studies are time-consuming. Case-control studies involve patients with a particular disease or condition who are identified and matched with control patients. The control participants can be patients with another disease or individuals from the general population. The validity of these retrospective studies depends on careful selection of the control group. For example, the impact of risk factors for men and women was recently evaluated in the CARDIO 2000 Study. The authors evaluated 848 hospitalized patients after their first episode of acute coronary syndrome and used 1078 age- and sex-matched controls. The data revealed that women experiencing their first event were significantly older than men. Case reports describe the medical history of a single patient. When medical histories of more than one patient with a particular condition are described together to illustrate one aspect of the disease process, the term case series is used.


Secondary (integrative) studies attempt to summarize and draw conclusions from primary information. Meta-analyses use statistical techniques to combine and summarize the results of primary studies. By combining the results from many trials, meta-analyses are able to estimate the magnitude of the effect of an intervention or risk factor as well as evaluate previously unanswered questions by performing subgroup analyses. The use of meta-analysis has provoked some controversy. Some investigators believe that meta-analyses may be as reliable as randomized controlled trials, whereas others believe that the technique should be used only as an alternate to randomized trials. However, in the absence of a large randomized controlled study, a meta-analysis of multiple smaller studies may be the best source of information to answer a specific question.


Clinical practice guidelines attempt to summarize diagnostic and treatment strategies for common clinical problems to assist the physician with specific circumstances. They are usually published by medical organizations, such as the American College of Physicians, and government agencies, such as the Agency for Health Care Policy and Research and the United States Preventive Services Task Force. Decision analysis uses the results of primary studies to generate probability trees to aid both health professionals and patients in making choices about clinical management. Cost-effectiveness analysis evaluates whether a particular course of action is an effective use of resources.









Testing in Medical Practice


Screening tests are performed on asymptomatic healthy people to detect occult disease and should meet the criteria listed in Table 2-2. Screening tests are most useful when a high prevalence of disease is present in the population and the test has adequate sensitivity and specificity parameters. When applied to a disease with low prevalence, a test with low specificity would have an unacceptable number of false-positive results, which would lead to further procedures that are often invasive and expensive.


Table 2-2 Requirements of Screening Tests






	


• Prevalence of disease must be sufficiently high.



• Disease must have significant morbidity and mortality rates.



• Effective treatment must be available.



• Improved outcomes from early diagnosis and treatment must be present.



• Test should have good sensitivity and specificity parameters.



• Test should carry acceptable risks and be cost-effective.










Diagnostic tests are used to determine the cause of illness in symptomatic persons and can be helpful in patient management by evaluating the severity of disease, determining prognosis, detecting disease recurrence, or selecting appropriate medications or other therapies. When considering diagnostic tests, the physician should weigh the potential benefits against the risks and expense.


When comparing the efficacy of a new diagnostic test, the critical issues are the following: (1) Does the new test have something to offer that the currently accepted test does not? (2) Does the new test provide additional information that alters the post-test probability, which is the likelihood that a patient who has a positive test has the disease? Comparing the post-test probability with the pre-test probability before ordering the test, which is the clinical assessment of diagnostic possibilities, is also important.


Values for some pre-test probabilities have been published, but more often they are derived from the physician’s clinical experience and are influenced by the practice setting. For instance, an obese African-American woman from the rural South is experiencing fatigue, blurry vision, and frequent vaginal yeast infections, and she has a strong family history of diabetes. Based on these features, she would have a high pre-test probability for type 2 diabetes mellitus. If a new diagnostic test were available for the diagnosis of diabetes, a comparison could be made on the post-test probabilities expected from the standard test (fasting blood glucose) and the new test. Ideally, the new test would offer greater diagnostic accuracy.


Sensitivity and specificity are important parameters to consider when evaluating a diagnostic test. Sensitivity is an index of the diagnostic test’s ability to detect the disease when it is present. Specificity is the ability of the diagnostic test to identify correctly the absence of the disease. These parameters are calculated by the use of a 2 × 2 table (Table 2-3). An additional value, the likelihood ratio, which uses both sensitivity and specificity, gives an even better indication of the test’s performance. A high positive likelihood ratio indicates a high likelihood of the presence of disease, whereas a high negative likelihood ratio identifies the absence of disease.


Table 2-3 Schematic Outcomes of a Diagnostic Test (2 × 2 Table)






	Test Result

	Disease Present

	Disease Absent






	Positive

	True positive (a)

	False positive (b)






	Negative

	False negative (c)

	True negative (d)







Positive predictive value (true-positive rate) =a/(a+b).


Negative predictive value (false-positive rate) =d/(c+d).


Sensitivity =a/(a+c); patients with the disease who have a positive test.


Specificity =d/(b+d); patients without the disease who have a negative test.


Positive likelihood ratio:
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Negative likelihood ratio:
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After determining the validity of the diagnostic test, its applicability to the patient in question and whether the test is affordable and accurate in a particular setting should be ascertained. If the diagnostic test requires special devices or skills that are not available in the practice facility, the results provided can be inaccurate. Most importantly, an assessment should be made about whether the test will change the management offered or decrease the need for the use of other tests.









Evaluating Evidence about Treatment


One of the most common problems facing physicians is the need to assess the validity of new treatments being developed as well as validity of traditional treatments that have been used for years. For example, how long after discharge from the hospital should treatment with antimicrobial agents continue for the patient who had been hospitalized for pneumonia? What is the value of plasmapheresis in thrombotic thrombocytopenic purpura? The first step in evaluating prospective treatments is to assess whether the information is derived from a properly conducted randomized controlled study. Every patient who enters the trial must be accounted for at the end of the study. The patients who are lost to follow-up often have different outcomes. If the conclusion of the trial does not change after accounting for the lost patients, then validity is added to the study. Another point to consider is whether patients were analyzed in their original randomized groups even if they did not undergo the intervention in question. This is termed an intention-to-treat analysis. A description of whether both groups were treated differently regarding other interventions (e.g., co-interventions) should be included.


Assessing the importance of the data provided is the next step. This includes a number of simple statistical calculations applied to the available results. The first is relative risk reduction (RRR):
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For example, the Diabetes Control and Complications Trial investigated the effect of tight control of blood glucose in patients with type 1 diabetes on the development and progression of long-term complications. The study involved more than 1400 patients, with one half randomized to intensive treatment and one half to conventional therapy. In this study, 3.4% of the patients in the conventional group and 2.2% in the intensive group developed microalbuminuria, indicating a 35% decrease in the occurrence of microalbuminuria in the primary prevention group:
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The greater the RRR, the more effective the therapy. However, the RRR does not take into account the baseline risk of the patients entering the trial and thus does not differentiate between large and small effects.


The significance of RRR is discussed on the web site (Web Text 2-1 [image: image]).


Calculating the absolute risk reduction (ARR), which gives the absolute difference in rates between the two groups, is another way of assessing the outcome. The ARR is defined as the number (X) that had the ill effect in the control group minus the number (Y) in the treatment group (i.e., ARR = X − Y). Using the previous example, the ARR for the development of microalbuminuria is 0.034 − 0.022 = 0.012, or 1.2%. Another valuable calculation is the number needed to treat, which represents the number of patients who need to be treated to prevent a single outcome event and is the inverse of the ARR (i.e., 1/[X − Y]). The lower the number needed to treat, the more clinically relevant is the treatment. Again, using the example, to prevent 1 patient from developing microalbuminuria, 83 patients with diabetes would have to be treated with intensive therapy (1/[X − Y] = 1/0.012 = 83). From this example, what seems like a large RRR of 35% actually translates to a relatively small (although significant) number of patients who benefited from intensive treatment.


As before, assessment of the applicability of this information to a particular patient should be made by taking into account whether the patient in question has the same characteristics of the patients included in the study. Evidence of side effects, cause, or value of a particular clinical sign in diagnosis can be assessed along these same lines.









Internet in Clinical Practice


The use of computer systems for disseminating medical information has increased exponentially. Numerous worldwide websites offer high-quality medical news, information about practice guidelines, online textbooks and journals, and information about evidence-based medicine. In addition, many government sites offer up-to-date information (e.g., Centers for Disease Control and Prevention, National Institutes of Health). Table 2-4 lists some of these sites.


Table 2-4 Worldwide Websites






	


• Cochrane Collaboration—one of the major organizations involved in evidence-based medicine (http://www.cochrane.org)



• MD Consult—comprehensive medical information service (http://www.mdconsult.com)



• Centers for Disease Control and Prevention (http://www.cdc.gov)



• National Institutes of Health (http://www.nih.gov)



• UpToDate—comprehensive clinical information website that is constantly updated (http://www.uptodate.com)



• Student Consult—provides access to full standard texts online (http://www.studentconsult.com)

















Including the Patient in the Decision Process


Searching for the best evidence and applying it have the ultimate goal of providing better patient care. The process should also involve informing the patient of the available options and offering options based on good evidence. Effective communication, geared toward the patient’s level of health literacy, is crucial to ensure that the patient makes an informed decision. Using a certain therapy or implementing a diagnostic test may be inconvenient, or the patient may develop a certain side effect that he or she is not willing to accept. Involvement of the patient in the decision-making process requires good communication and adequate resources for patient education.









Quality of Life


Health care in the millennium has changed significantly. An increasing number of patients survive illnesses that used to be fatal, and many patients have multiple co-existing illnesses. Assessing clinical improvement to a given treatment covers only one aspect of the clinician’s success. For example, although survival is an important outcome for patients with cancer, overall quality of life is fundamental. A patient can have improvement in disease-free survival without having a significant change in quality of life, and vice versa. Quality of life represents a subjective concept that is defined by the subjective perception of the patient and includes physical, emotional, social, and cognitive functions and the disease symptoms and side effects of a given treatment or intervention. For example, in examining the efficacy of a drug for postchemotherapy anemia, it would not only be important to know whether the hemoglobin rises appropriately but also to know whether the patient subjectively has more energy and is able to perform the normal duties of life.


Quality of life is more commonly becoming a defined outcome measure in clinical trials. An increasing number of studies have been conducted in which health-related quality of life is either the primary or secondary endpoint. Hopefully, clinicians can then take the information gained from these data and apply it in a holistic manner to optimize patient care.






COST OF MEDICINE


The practice of medicine has significantly changed during the past 30 years. The cost of medicine has risen astronomically, and it is the duty of the physician to be cognizant of this in daily practice. Health care spending is growing much faster than the rest of the economy. Rising hospital expenses reflect many factors, including the demand for new medications and technology as well as the aging population. Physicians can contribute to the reduction of costs by being aware of medication prices and ordering tests appropriately.


The pharmaceutical industry has been accused of contributing to medical inflation. The industry spends more than $11 billion annually on promotion and marketing, and $8,000 to $13,000 per physician each year. They employ 1 drug representative for every 11 physicians in the United States. The average price of drugs rose almost 50% between 1992 and 2000. Literature suggests that the gifts and perks physicians receive from the pharmaceutical representatives have a major influence on their practices and prescribing habits. Caution is recommended when analyzing data from pharmaceutical representatives, taking into account the inherent bias that exists regarding the medication they are marketing. The medical profession is responsible for providing the best care possible for patients, and barriers to this care arise when a gift or amenity accepted from a pharmaceutical representative obscures the judgment of appropriate and cost-effective care. Generic drugs should be prescribed whenever possible. Studies have shown that if physicians substituted generic drugs for brand-name drugs, the potential national savings would be up to 5.9 billion dollars annually. In addition, all medical schools should stress the use of generic drugs to students and residents.


The use of tests is the second area in which physicians must be prudent when it comes to cost. The routine ordering of expensive and unnecessary tests has become part of the medical culture, but they can never take the place of a thorough history and physical examination. Evidence-based medicine is an important tool to use when deciding whether a certain diagnostic test is needed to help in the care of a patient. The risks and benefits of each test that is ordered must be weighed against the costs. For example, asymptomatic patients who are concerned about ovarian cancer may want their physician to order a pelvic ultrasound. The prudent physician will know that the prevalence of ovarian cancer is low in the population and thus the literature does not support the routine use of pelvic ultrasound as a screening tool. Therefore, a pelvic ultrasound is not a cost-effective test for screening ovarian cancer in all female patients.


These are two ways in which physicians can take an active role in helping reduce the cost of medical care in this nation, but the problem is clearly larger than this. Physicians will need to find a balance between being cost-conscious and maintaining high-quality patient care as the medical field continues to expand.





Prospectus for the Future


Challenges to be met:



• Medical schools need to expand the teaching of evidence-based medicine to students and physicians in training.



• Risks and benefits of screening tests need to be better defined (e.g., use of computed tomography in the diagnosis of early lung cancer versus risk for radiation exposure).



• To affect the cost of medicine, the overuse of technology (e.g., computed tomography for every patient with abdominal pain) needs to be addressed from the standpoint of evidence-based medicine.



• Finally, universal health care coverage for all people in the United States is desperately needed.
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Cardiovascular Disease










Chapter 3 Structure and Function of the Normal Heart and Blood Vessels




Jack Morshedzadeh, Dean Y. Li, Ivor J. Benjamin









Gross Anatomy


The heart is composed of four chambers, two atria and two ventricles, which form two separate pumps arranged side by side and in series (Fig. 3-1). The atria are low-pressure capacitance chambers that mainly function to store blood during ventricular contraction (systole) and then fill the ventricles with blood during ventricular relaxation (diastole). The two atria are separated by a thin interatrial septum. The ventricles are high-pressure chambers responsible for pumping blood through the lungs and to the peripheral tissues. Because the pressure generated by the left ventricle is greater than that generated by the right, the left ventricular myocardium is thicker than the right. The two ventricles are separated by the interventricular septum, which is a membranous structure at its superior aspect and a thick, muscular structure at its medial and distal portions.





[image: image]

Figure 3-1 Schematic representation of the systemic and pulmonary circulatory systems. The venous system contains the greatest amount of blood at any one time and is highly distensible, accommodating a wide range of blood volumes (high capacitance). The arterial system is composed of the aorta, arteries, and arterioles. Arterioles are small muscular arteries that regulate blood pressure by changing tone (resistance).




The atrioventricular (AV) valves separate the atria and ventricles. The mitral valve is a bileaflet valve that separates the left atrium and ventricle. The tricuspid valve is a trileaflet valve and separates the right atrium and ventricle. Strong chords (chordae tendineae) attach the ventricular aspects of these valves to the papillary muscles of their respective ventricles. These papillary muscles are extensions of normal myocardium that project into the ventricular cavities and are important for optimal valve closure. The semilunar valves separate the ventricles from the arterial chambers: the aortic valve separates the left ventricle from the aorta, and the pulmonic valve separates the right ventricle from the pulmonary artery. These valves do not have chordae. Rather, they are fibrous valves whose edges coapt closely, thus allowing for adequate valve closure. Each of the four valves is surrounded by a fibrous ring, or annulus, that forms part of the structural support of the heart. When open, the valves allow free flow of blood across them and into the adjacent chamber or vessel. When closed, the valves effectively prevent the backflow of blood into the preceding chamber.


The thin, double-layered pericardium surrounds the heart. The visceral pericardium is adherent to the heart and constitutes its outer surface, or epicardium. This outer surface is separated from the parietal pericardium by the pericardial space, which normally contains less than 50 mL of fluid. The parietal pericardium has attachments to the sternum, vertebral column, and diaphragm that serve to stabilize the heart in the chest. Normal pericardial fluid lubricates contact surfaces and limits direct tissue-surface contact during myocardial contraction. In addition, the normal pericardium modulates interventricular interactions during the cardiac cycle.









Circulatory Pathway


The circulatory system is composed of two distinct and parallel vascular networks, arterial and venous networks, which interconnect through capillary beds of the distal target organs (see Fig. 3-1). Deoxygenated blood drains from peripheral tissues and enters the right atrium through the superior and inferior venae cavae. Blood draining from the heart enters the right atrium through the coronary sinus. This blood mixes in the right atrium during ventricular systole and then flows across the tricuspid valve and into the right ventricle during ventricular diastole. When the right ventricle contracts, blood is ejected across the pulmonic valve and into the main pulmonary artery, which then bifurcates into the left and right pulmonary arteries as these branches enter their respective lungs. After multiple bifurcations, blood flows into the pulmonary capillaries, where carbon dioxide is exchanged for oxygen across the alveolar-capillary membrane. Oxygenated blood then drains from the lungs into the four pulmonary veins, which empty into the left atrium. During ventricular diastole, the blood flows across the open mitral valve and into the left ventricle. With ventricular contraction, the blood is ejected across the aortic valve and into the aorta and is subsequently delivered to the various organs, where oxygen and nutrients are exchanged for carbon dioxide and metabolic wastes.


The heart receives blood through the left and right coronary arteries (Fig. 3-2). These are the first arterial branches of the aorta and originate in outpouchings of the aortic root called the sinuses of Valsalva. The left main coronary artery originates in the left sinus of Valsalva and is a short vessel that bifurcates into the left anterior descending (LAD) and the left circumflex (LCx) coronary arteries. The LAD travels across the surface of the heart in the anterior interventricular groove toward the cardiac apex. It supplies blood to the anterior and anterolateral left ventricle through its diagonal branches and to the anterior two thirds of the interventricular septum through its septal branches. The LCx traverses posteriorly in the left AV groove (between the left atrium and left ventricle), supplying blood to the lateral aspect of the left ventricle through obtuse marginal branches as well as giving off branches to the left atrium. The right coronary artery (RCA) originates in the right sinus of Valsalva and courses down the right AV groove to a point where the left and right AV grooves and the inferior interventricular groove meet, the crux of the heart. The RCA gives off atrial branches to the right atrium and acute marginal branches to the right ventricle. The blood supply to the diaphragmatic and posterior aspects of the left ventricle varies. In 85% of individuals, the RCA bifurcates at the crux into the posterior descending coronary artery (PDA), which travels in the inferior interventricular groove to supply blood to the inferior left ventricular wall and inferior third of the interventricular septum and to the posterior left ventricular (PLV) branches, which supply the posterior left ventricle. This course is termed a right dominant circulation. In 10% of individuals, the RCA terminates before reaching the crux, and the LCx supplies the PLV and PDA. This course is termed a left dominant circulation. In the remaining individuals, the RCA gives rise to the PDA, and the LCx gives rise to the PLV in a co-dominant circulation. An understanding of coronary artery anatomy and distribution of blood supply enables the clinician to define the location of coronary artery disease based on history, physical examination, and noninvasive tests such as electrocardiography (ECG), echocardiography, and radionuclide ventriculography. Small vascular channels, called collateral vessels, interconnect the normal coronary arteries. These vessels are nonfunctional in the normal myocardium because no pressure gradient develops across them. However, in the setting of severe stenosis or complete occlusion of a coronary artery, the pressure in the vessel distal to the stenosis decreases, and a gradient develops across the collateral vasculature, resulting in flow through the collateral vessel. The development of collateral vasculature is directly related to the severity of the coronary stenosis and may be stimulated by ischemia, hypoxia, and a variety of growth factors. Over time, these vessels may reach up to 1 mm in luminal diameter and are almost indistinguishable from similarly sized, normal coronary arteries.
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Figure 3-2 Major coronary arteries and their branches.




Most of the venous drainage from the heart occurs through the coronary sinus, which runs in the AV groove and empties into the right atrium. A small amount of blood from the right side of the heart drains directly into the right atrium through the thebesian veins and small anterior myocardial veins.









Conduction System


The electrical impulse that initiates cardiac contraction originates in the sinoatrial (SA) node, a collection of specialized pacemaker cells measuring 1 to 2 cm in length located high in the right atrium between the superior vena cava and the right atrial appendage (Fig. 3-3). The impulse then spreads through the atrial tissue and through preferential internodal tracts, ultimately reaching the AV node. This structure consists of a meshwork of cells located at the inferior aspect of the right atrium between the coronary sinus and the septal leaflet of the tricuspid valve.
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Figure 3-3 Schematic representation of the cardiac conduction system.




The AV node provides the only normal electrical connection between the atria and ventricles. After an electrical impulse enters the AV node, conduction transiently slows and then proceeds to the ventricles by means of the His-Purkinje system. The bundle of His extends from the AV node down the membranous interventricular septum to the muscular septum, where it divides into the left and right bundle branches. The right bundle branch is a discrete structure that extends along the interventricular septum and enters the moderator band on its way toward the anterolateral papillary muscle of the right ventricle. The left bundle branch is less distinct; it consists of an array of fibers organized into an anterior fascicle, which proceeds toward the anterolateral papillary muscle of the left ventricle, and a posterior fascicle, which proceeds posteriorly in the septum toward the posteromedial papillary muscle. Both the right and the left bundle branches terminate in Purkinje cells, which are large cells with well-developed intercellular connections that allow for the rapid propagation of electrical impulses. These impulse-generating cells then directly stimulate myocytes.


Heart blocks, a form of cardiac arrhythmia, may arise from intrinsic problems of the conduction system or from impaired blood supply (coronary artery disease) to the conduction system. The SA node is supplied by the SA nodal artery, which is a branch of the RCA in about 60% of the population or a branch of the LCx in 40%. The AV node is supplied by the AV nodal artery, which is a branch of the RCA in about 90% of the population or a branch of the LCx in 10%. The right bundle branch receives most of its blood supply from septal perforators that branch off of the LAD. There may also be collateral blood supply from the RCA or LCx. The left anterior fascicle is supplied by septal perforators from the LAD and is particularly susceptible to ischemia and infarction. The proximal portion of the left posterior fascicle is supplied by the AV nodal artery and by septal perforators of the LAD. The distal portion of the posterior fascicle has a dual blood supply from anterior and posterior septal perforators (i.e., the LAD and PDA).









Neural Innervation


The normal myocardium is richly innervated by the autonomic nervous system. The sympathetic supply is from preganglionic neurons located within the superior five to six thoracic segments of the spinal cord, which synapse with second-order neurons in the cervical sympathetic ganglia. Traveling within the cardiac nerves, these fibers end in the SA node, AV node, epicardial vessels, and myocardium. The parasympathetic supply is from preganglionic neurons originating in the dorsal motor nucleus of the medulla and pass as branches of the vagus nerve to the heart. Here the fibers synapse with second-order neurons located in ganglia within the heart. Nerve terminals of the parasympathetic nerves end in the SA node, AV node, epicardial vessels, and myocardium. A supply of vagal afferents from the inferior and posterior aspects of the ventricles mediate important cardiac reflexes, whereas the vagal efferent fibers to the SA and AV nodes are active in modulating impulse initiation and conduction. In general, sympathetic stimulation increases heart rate (HR) and force of myocardial contraction, and parasympathetic stimulation slows HR and reduces the force of contraction.









Myocardium


Cardiac tissue (myocardium) is composed of several cell types that together produce the organized contraction of the heart. Specialized myocardial cells make up the cardiac electrical system (conduction system) and are responsible for the generation of an electrical impulse and organized propagation of that impulse to cardiac muscle fibers (myocytes), which, in turn, respond by mechanical contraction. Atrial and ventricular myocytes are specialized, branching muscle cells connected end to end by intercalated disks. These thickened regions of the cell membrane (sarcolemma) aid in the transmission of mechanical tension between cells. The sarcolemma has functions similar to those of other cell membranes, including maintenance of ionic gradients, propagation of electrical impulses, and provision of receptors for neural and hormonal inputs. In addition, the sarcolemma is intimately involved with the coupling of myocardial excitation and contraction through small transverse tubules (T tubules) that extend from the sarcolemma into the intracellular space. The myocytes contain several other organelles: the nucleus; the multiple mitochondria responsible for generating the energy required for contraction; an extensive network of intracellular tubules called the sarcoplasmic reticulum, which functions as the major intracellular storage site for calcium; and the myofibrils, which are the contractile elements of the cell. Each myofibril is made up of repeating units called sarcomeres, which are, in turn, composed of overlapping thin actin filaments and thick myosin filaments and their regulatory proteins troponin and tropomyosin (Fig. 3-4).
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Figure 3-4 A, Sarcomere as it appears under the electron microscope. B, Schematic of the location and interaction of actin and myosin.











Muscle Physiology and Contraction


Contraction of myocytes begins with electrical depolarization of the sarcolemma, resulting in an influx of calcium into the cell through channels in the T tubules (Fig. 3-5). This initial calcium entry stimulates the rapid release of large amounts of calcium from the sarcoplasmic reticulum into the cell cytosol. The calcium then binds to the calcium-binding troponin subunit (troponin C) on the actin filaments of the sarcomere, resulting in a conformational change in the troponin-tropomyosin complex. This change facilitates the actin-myosin interaction, which results in cellular contraction. As the wave of depolarization passes, the calcium is rapidly and actively resequestered in the sarcoplasmic reticulum, where it is stored by various proteins, including calsequestrin, until the next wave of depolarization occurs. Calcium is also extruded from the cytosol by various calcium pumps in the sarcolemma. The force of myocyte contraction can be regulated by the amount of free calcium released into the cell by the sarcoplasmic reticulum. More calcium allows for greater actin-myosin interaction, producing a stronger contraction.
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Figure 3-5 Calcium dependence of myocardial contraction. (1) Electrical depolarization of the myocyte results in an influx of Ca2+ into the cell through channels in the T tubules. (2) This initial phase of calcium entry stimulates the release of large amounts of Ca2+ from the sarcoplasmic reticulum (SR). (3) The Ca2+ then binds to the troponin-tropomyosin complex on the actin filaments, resulting in a conformational change that facilitates the binding interaction between actin and myosin. In the presence of adenosine triphosphate (ATP), the actin-myosin association is cyclically dissociated as the thick and thin filaments slide past each other, resulting in contraction. (4) During repolarization, the Ca2+ is actively pumped out of the cytosol and sequestered in the SR. M, mitochondrion.




The energy for myocyte contraction is derived from adenosine triphosphate (ATP), which is generated by oxidative phosphorylation of adenosine diphosphate (ADP) in the abundant mitochondria of the cell. ATP is required both for calcium influx and for force generation by actin-myosin interaction. During contraction, ATP promotes dissociation of myosin from actin, thereby permitting the sliding of thick filaments past thin filaments as the sarcomere shortens. Under normal circumstances, fatty acids are the preferred energy source, although glucose can also be used as a substrate. These substrates must be constantly delivered to the heart through the bloodstream because minimal energy is stored in the heart. Myocardial metabolism is aerobic and thus requires a constant supply of oxygen. Under ischemic or hypoxemic conditions, glycolysis and lactate may serve as a source of ATP, although in insufficient quantities to sustain the working heart. Ischemic conditions might also promote alterations in both cytosolic and mitochondrial calcium overload, a major terminal event in muscle injury of the heart, termed myocardial infarction.









Circulatory Physiology and the Cardiac Cycle


The cardiac cycle is a repeating series of contractile and valvular events during which the valves open and close in response to pressure gradients between different cardiac chambers (Fig. 3-6). This cycle can be divided into systole, the period of ventricular contraction, and diastole, the period of ventricular relaxation. With the onset of ventricular contraction, the pressure in the ventricles increases and exceeds that in the atria, at which time the AV valves close. Intraventricular pressure continues to rise, initially without a change in ventricular volume (isovolumic contraction), until the intraventricular pressures exceed the pressures in the aorta and pulmonary artery, at which time the semilunar valves open and ventricular ejection of blood occurs. With the onset of ventricular relaxation, the pressure in the ventricles falls until the pressure in the arterial chambers exceeds that in the ventricles, and the semilunar valves close. Ventricular relaxation continues, initially without a change in ventricular volume (isovolumic relaxation). When the pressure in the ventricles falls below the pressure in the atria, the AV valves open, and a rapid phase of ventricular filling occurs as blood in the atria empties into the ventricles. At the end of diastole, active atrial contraction augments ventricular filling. This augmentation is particularly important in patients with poor ventricular function or stiff ventricles and is lost in patients with atrial fibrillation.
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Figure 3-6 Simultaneous electrocardiogram (ECG) and pressure tracings obtained from the left atrium (LA), left ventricle (LV), and aorta, and the jugular venous pressure during the cardiac cycle. For simplification, right-sided pressures have been omitted. Normal right atrial pressure closely parallels that of the left atrium, and right ventricular and pulmonary artery pressures are timed closely with their corresponding left-sided heart counterparts; they are reduced only in magnitude. The normal mitral and aortic valve closure precedes tricuspid and pulmonic valve closure, respectively, whereas valve opening reverses this order. The jugular venous pulse lags behind the right atrial pulse.


During the course of one cardiac cycle, the electrical events (ECG) initiate and therefore precede the mechanical (pressure) events, and the latter precedes the auscultatory events (heart sounds) they themselves produce. Shortly after the P wave, the atria contract to produce the a wave. The QRS complex initiates ventricular systole, followed shortly by LV contraction and the rapid buildup of LV pressure. Almost immediately, LV pressure exceeds LA pressure, closing the mitral valve and producing the first heart sound. After a brief period of isovolumic contraction, LV pressure exceeds aortic pressure and the aortic valve opens (AVO). When the ventricular pressure once again falls below the aortic pressure, and the aortic valve closes to produce the second heart sound and terminate ventricular ejection. The LV pressure decreases during the period of isovolumic relaxation until it drops below LA pressure, and the mitral valve opens (MVO).




In the absence of valvular disease, no impediment to the flow of blood exists from the ventricles to the arterial beds, and the systolic arterial pressure rises sharply to a peak. During diastole, the arterial pressure gradually falls as blood flows distally, and elastic recoil of the arteries occurs. This response contrasts with the pressure response in the ventricles during diastole, in which pressure gradually increases as blood enters the ventricles from the atria. Atrial pressure can be directly measured in the right atrium, whereas occluding a small pulmonary artery branch and measuring the pressure distally (the pulmonary capillary wedge pressure) is often used to obtain left atrial pressure indirectly. An atrial pressure tracing is shown in Figure 3-6 and is composed of several waves. The a wave represents atrial contraction. As the atria subsequently relax, the atrial pressure falls, and the x descent is noted on the pressure tracing. The x descent is interrupted by a small c wave, which is generated as the AV valve bulges toward the atrium during ventricular systole. As the atria fill from venous return, the v wave is seen, after which the y descent appears as the AV valves open and blood from the atria empties into the ventricles. The normal ranges of pressures in the various cardiac chambers are shown in Table 3-1.


Table 3-1 Normal Values for Common Hemodynamic Parameters






	Heart Rate

	60-100 Beats/Minute






	Pressures






	Central venous

	≤9 mm Hg






	Right atrial

	≤9 mm Hg






	Right ventricular

	 






	Systolic

	15-30 mm Hg






	End-diastolic

	≤9 mm Hg






	Pulmonary arterial

	 






	Systolic

	15-30 mm Hg






	Diastolic

	3-12 mm Hg






	Pulmonary capillary wedge

	≤12 mm Hg






	Left atrial

	≤12 mm Hg






	Left ventricular

	 






	Systolic

	100-140 mm Hg






	End-diastolic

	3-12 mm Hg






	Aortic

	 






	Systolic

	100-140 mm Hg






	Diastolic

	60-90 mm Hg






	Resistance






	Systemic vascular resistance

	800-1500 dynes-sec/cm−5







	Pulmonary vascular resistance

	30-120 dynes-sec/cm−5







	Cardiac output

	4-6 L/min






	Cardiac index

	2.5-4 L/min











CARDIAC PERFORMANCE


The amount of blood ejected by the heart each minute is referred to as the cardiac output (CO) and is the product of the stroke volume (SV; amount of blood ejected with each ventricular contraction) and the HR:





[image: image]





The cardiac index is the CO divided by the body surface area; it is measured in liters per minute per square meter and is a way of normalizing CO to body size. The normal CO at rest is 4 to 6 L/min, although this value can increase fourfold to sixfold during strenuous exercise as a result of increases in HR (chronotropic) and SV (inotropic).


The SV is a measure of the mechanical function of the heart and is affected by preload, afterload, and contractility (Table 3-2). Preload is the volume of blood in the ventricle at the end of diastole and is primarily a reflection of venous return. Within limits, as the preload increases, the ventricle stretches, and the ensuing ventricular contraction becomes more rapid and forceful. This phenomenon is known as the Frank-Starling relationship. Because ventricular volume is not easily measured, ventricular filling pressure (ventricular end-diastolic pressure, atrial pressure, or pulmonary capillary wedge pressure) is frequently used as a surrogate measure of preload. Two major means can manipulate the preload in a clinical setting. The first is to modulate volume status: intravenous fluids to increase preload and diuretics to decrease preload. The second is to regulate vascular tone: nitroglycerin to diminish preload.


Table 3-2 Factors Affecting Cardiac Performance






	
Preload (left ventricular diastolic volume)

	Total blood volume






	Venous (sympathetic) tone






	Body position






	Intrathoracic and intrapericardial pressures






	Atrial contraction






	Pumping action of skeletal muscle






	
Afterload (impedance against which the left ventricle must eject blood)

	Peripheral vascular resistance






	Left ventricular volume (preload, wall tension)






	Physical characteristics of the arterial tree (elasticity of vessels or presence of outflow obstruction)






	
Contractility (cardiac performance independent of preload or afterload)

	Sympathetic nerve impulses






	Increased contractility






	Circulating catecholamines






	Digitalis, calcium, other inotropic agents






	Increased heart rate or post-extrasystolic augmentation






	Anoxia, acidosis






	Decreased contractility






	Pharmacologic depression






	Loss of myocardium






	Intrinsic depression






	Heart rate

	Autonomic nervous system






	Temperature, metabolic rate






	Medications, drugs







Afterload is the force against which the ventricles must contract to eject blood. The arterial pressure is often used as a practical measure of afterload; although, in truth, the intraventricular pressure, the size of the ventricular cavity, and the thickness of the ventricular walls (Laplace’s law) determine afterload. Thus, afterload is increased in the setting of systemic hypertension or stenosis of the aortic valve but may be equally increased in the setting of ventricular dilation or ventricular hypertrophy. Some antihypertensive drugs, such as angiotensin-converting enzyme (ACE) inhibitors and hydralazine, reduce blood pressure (BP) by reducing afterload.


Contractility, or inotropy, although difficult to define, represents the force of ventricular contraction independent of loading conditions. For example, an increase in contractility results in a stronger ventricular contraction even when the preload and afterload are kept constant. Direct stimulation from adrenergic nerves in the myocardium and circulating catecholamines released from the adrenal glands can alter contractility under normal conditions. Several medications have important positive inotropic effects that can be exploited clinically, including digoxin and the sympathomimetic amines (e.g., epinephrine, norepinephrine, dopamine). Other medications, many of them antihypertensive medications, (e.g., β blockers, calcium channel antagonists) have negative inotropic effects and can decrease the strength of ventricular contraction.


Overall ventricular systolic function is frequently quantified by the ejection fraction, which is the ratio of the SV to the end-diastolic volume, that is, the fraction of blood in the ventricle ejected with each ventricular contraction. The normal ejection fraction is about 60% and can be measured by invasive (contrast ventriculography) or noninvasive (echocardiography or radionuclide ventriculography) methods.


Clearly, systolic contraction is an important component of ventricular function; however, ventricular diastolic relaxation (lusitropy) also plays an important role in overall cardiac performance. Impaired relaxation (diastolic dysfunction), as occurs with ventricular hypertrophy or ischemia, results in a stiff, noncompliant ventricle, leading to impaired ventricular filling and an increased ventricular pressure for any given diastolic volume.









PHYSIOLOGY OF THE CORONARY CIRCULATION


The heart is an aerobic organ requiring a constant supply of oxygen to maintain normal function. Under normal conditions, the supply of oxygen delivered to the heart is closely matched to the amount of oxygen required by the heart (the myocardial oxygen consumption [MvO2]). The main determinants of MvO2 are HR, contractility, and wall stress. The wall stress, as determined by Laplace’s law, is directly related to the systolic pressure and the heart size and inversely proportional to wall thickness:
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Thus, the MvO2 parallels changes in HR, BP, contractility, and heart size. In general, oxygen delivery to an organ can be augmented by either increasing blood flow or increasing oxygen extraction from the blood. For all practical purposes, the oxygen extraction by the heart is maximal at rest, and thus increases in coronary blood flow must meet increases in MvO2.


Because of the compression of intramyocardial blood vessels during systole, most coronary flow occurs during diastole. Therefore, diastolic pressure is the major pressure driving the coronary circulation. An important implication of this fact is that tachycardia, which primarily shortens the duration of diastole, results in reduced time for coronary flow, which occurs despite the increase in MvO2 associated with increased HR. The systolic pressure has little effect on coronary blood flow except insofar as changes in BP lead to changes in MvO2.


Regulation of coronary blood flow occurs primarily through changes in coronary vascular resistance. In response to a change in MvO2, the coronary arteries can dilate or constrict to allow for appropriate changes in coronary flow. Additionally, in the range of coronary perfusion pressures of 60 to 130 mm Hg, coronary blood flow is held constant by the process of autoregulation of the coronary arteries. This regulation of arterial resistance occurs at the level of the arterioles and is mediated by several factors. As ATP is metabolized during increased myocardial activity, adenosine is released and acts as a potent vasodilator. Decreased oxygen tension, increased carbon dioxide, acidosis, and hyperkalemia all develop during increased myocardial metabolism and may also mediate coronary vasodilation.


The coronary arteries are innervated by the autonomic nervous system, and activation of sympathetic or parasympathetic neurons alters coronary blood flow by affecting changes in vascular tone. Parasympathetic innervation through the vagus nerve and through the neurotransmitter acetylcholine results in vasodilation. Sympathetic neurons use norepinephrine as a neurotransmitter and may have opposing effects on the coronary vasculature. Stimulation of α receptors results in vasoconstriction, whereas stimulation of β receptors leads to vasodilation.


The ability of the coronary vasculature to mediate changes in blood flow through changes in vascular tone depends in large part on an intact, normally functioning endothelium. The endothelium produces several potent vasodilators, including endothelium-derived relaxing factor (EDRF) and prostacyclin. EDRF is likely to be nitric oxide or a compound containing nitric oxide and is released by the endothelium in response to acetylcholine, thrombin, ADP, serotonin, bradykinin, platelet aggregation, and an increase in shear stress. The latter stimulus accounts for the dilation of the coronary arteries in response to increases in blood flow in the setting of increases in MvO2 (called flow-dependent vasodilation).


Vasoconstricting factors, most notably endothelin, are also produced by the endothelium and are likely to play a role in regulating vascular tone. The balance of these vasodilator and vasoconstriction factors may be important in conditions such as coronary vasospasm. In addition to influencing vascular tone, the endothelium has several other functions that have important implications for blood flow and tissue perfusion. These include maintenance of a nonthrombotic surface through inhibition of platelet activity, control of thrombosis and fibrinolysis, and modulation of the inflammatory response of the vasculature. Disturbances in these normal properties of the endothelium (endothelial dysfunction) are likely to play an important role in the pathophysiologic conditions of coronary atherosclerosis and thrombosis.









PHYSIOLOGY OF THE SYSTEMIC CIRCULATION


The normal cardiovascular system is capable of providing appropriate blood flow to each of the organs and tissues of the body under a wide range of conditions. This is achieved by maintaining arterial BP within normal limits to meet functional needs from adjustments to the cardiac output and the resistance to blood flow in specific organs and tissues. Arterial pressure is regulated acutely and chronically through various local and systemic, humoral, and neural factors.


Poiseuille’s law describes the relationship between pressure and flow. Although not exactly descriptive of blood flow through elastic tapering blood vessels, Poiseuille’s law is useful in understanding blood flow. Fluid flow (F) through a tube is proportional (proportionality constant = K) to the pressure (P) difference between the ends of the tube:
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The reciprocal of K is the resistance to flow (R); that is K = 1/R. When fluid flows through a tube, the resistance to flow is determined by the properties of both the fluid and the tube. In the case of a steady, streamlined flow of fluid through a rigid tube, Poiseuille found that these factors determine resistance:
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where r is the radius of the tube, L is its length, and η is the viscosity of the fluid. This equation shows that the resistance to blood flow increases proportionately with increases in fluid viscosity or tube length. In contrast, radius changes have a much greater influence because resistance is inversely proportional to the fourth power of the radius. Poiseuille’s law incorporates the factors influencing flow, so that:
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The most important determinants of blood flow in the cardiovascular system are ΔP and r4. Thus, small changes in arterial radius can cause large changes in flow to a tissue or organ. Systemic vascular resistance (SVR) is the total resistance of flow offered by the blood vessels of the systemic circulation. Physiologic changes in SVR are primarily caused by changes in the radius of small arteries and arterioles, the resistance vessels of the systemic circulation. The SVR is defined as the pressure drop across the peripheral capillary beds divided by the blood flow across the beds (e.g., SVR = BP/CO). In practice, this is calculated as the mean arterial pressure minus the right atrial pressure divided by the cardiac output and is normally in the range of 800 to 1500 dynes sec/cm5.


As with the coronary circulation autonomic innervation alters systemic vascular tone through sympathetic and parasympathetic innervation. Local oxygen tension, carbon dioxide levels, pH, and potassium levels have direct effects on vascular tone and blood flow. And finally, a normally functioning endothelium mediates changes in blood flow through potent vasodilatory and vasoconstricting factors (see “Physiology of the Coronary Circulation”).


Control of BP through neural regulation occurs by means of tonic and reflexive modulation of autonomic nervous system outflow. Acutely, changes in these outflows influence key determinants of BP, such as cardiac chronotropy, inotropy, and vascular resistance. The primary mechanism by which BP is neurally modulated is through the baroreflexes. The baroreflex loop anatomically originates at the level of the baroreceptor. The baroreceptors are highly specialized stretch-sensitive nerve endings distributed throughout various regions of the cardiovascular systems, such as the carotid artery, aorta, and the cardiopulmonary region. Baroreceptors located in the carotid artery (e.g., carotid sinus) and aorta are sometimes referred to as high-pressure baroreceptors and those in the cardiopulmonary areas as low-pressure baroreceptors. After transmission of afferent impulses to the central nervous system, signals are integrated, and the efferent arm of the reflex projects neural signals systemically through the sympathetic and parasympathetic branches of the autonomic nervous system. In general, in response to an increase in systemic BP, there is an increased firing rate of the baroreceptors, efferent sympathetic outflow is inhibited (reducing vascular tone, chronotropy, and inotropy), and parasympathetic outflow is increased (reducing cardiac chronotropy). The opposite occurs when BP decreases.


Cardiac output and systemic BP are controlled not only neurally and by local vasoactive substances through regulation of vascular tone but also by blood volume. A major physiologic control mechanism, which regulates total blood volume, is the renin-angiotensin-aldosterone system (RAAS). Renin is an enzyme secreted by the kidneys in response to low renal perfusion, low blood volume, low BP, or low sodium concentration. Renin converts the polypeptide angiotensinogen to angiotensin I in the liver. Angiotensin I circulates in the bloodstream and is converted to angiotensin II by the activity of ACE located primarily in the capillary beds of the lung. Angiotensin II is a powerful vasoconstrictor regulating BP through changes in vascular tone. In addition to its vasoactive properties, angiotensin II activates release of the hormone aldosterone from the adrenal cortex. Aldosterone then acts on the kidneys to retain sodium and thus water. Angiotensin II also acts directly on the posterior pituitary gland, increasing the secretion of vasopressin (e.g., antidiuretic hormone). Much like angiotensin II, vasopressin is a vasoconstrictor; it also acts on the kidney by retaining water through its action on V2 receptors in the collecting ducts. Although activity of the RAAS is to maintain blood volume, this system has adverse effects in chronic disease states, aggravating conditions such as hypertension and heart failure.


Blood leaves the arterioles and flows into the capillary systems, where oxygen and nutrients are delivered to cells and carbon dioxide and metabolic wastes are removed. The deoxygenated blood then drains into peripheral veins, which contain valves to prevent backflow. These veins have thinner walls than arteries and function as capacitance vessels; they are able to accommodate a significantly larger volume of blood than the arterial system. With the aid of the pumping action of skeletal muscles and the respiratory motion of the chest wall, blood returns to the right atrium. This venous return can be altered by constriction or dilation of the peripheral veins. In addition to the venous drainage, a rich system of lymphatic vessels helps drain excess interstitial fluid from the periphery. The various lymphatic vessels drain into the thoracic duct and, subsequently, into the left brachiocephalic vein.









PHYSIOLOGY OF THE PULMONARY CIRCULATION


Similar to the systemic circulation, the pulmonary circulation consists of a branching network of progressively smaller arteries, arterioles, capillaries, and veins. The pulmonary capillaries are separated from the alveoli by a thin alveolar-capillary membrane through which gas exchange occurs. Carbon dioxide thus diffuses from the capillary blood into the alveoli, and oxygen diffuses from the alveoli into the blood. The flow of blood to various lung segments is regulated by several factors, the most important being the PO2 in the alveoli. In this manner, blood is shunted toward well-ventilated lung segments and away from poorly ventilated segments. As a result of the extensive nature of the pulmonary capillary system and the distensibility of the pulmonary vasculature, the resistance across the pulmonary system (the pulmonary vascular resistance) is about 10% that of the systemic circulation. Owing to these features, the pulmonary system is able to tolerate significant increases in blood flow with little or no rise in pulmonary pressure. Thus, intracardiac shunts (e.g., atrial septal defects) may be associated with normal pulmonary pressure.


The lung receives a dual blood supply. The pulmonary artery accounts for most pulmonary blood flow; however, the lungs also receive oxygenated blood through the bronchial arteries. These vessels supply oxygen to the lung and drain into the bronchial veins. The bronchial veins drain partly into the pulmonary veins; thus, a small amount of deoxygenated blood normally enters the systemic circulation and accounts for a physiologic right-to-left shunt. In the normal setting, this shunt is insignificant, accounting for only 1% of the total systemic blood flow.












Cardiovascular Response to Exercise


The response of the heart to exercise is multifaceted and involves many of the previously discussed mechanisms of circulatory control (Table 3-3). In anticipation of exercise, neural centers in the brain stimulate vagal withdrawal and an increase in sympathetic tone, resulting in an increase in HR and contractility (thus an increase in CO) before exercise ever starts. With exercise, sympathetic venoconstriction, augmented pumping action of skeletal muscles, and increased respiratory movements of the chest wall result in an increase in venous return to the heart. Through the Frank-Starling relationship, this increase in venous return results in an increase in contractility, thus augmenting CO. Sympathetic activation may also increase contractility; however, most of the increase in CO during exercise (up to 4 to 6 times the normal rate) is a consequence of an increase in HR. The peak HR that can be achieved is dependent on age and can be estimated by the following formula: maximal HR = (220 − age) ± 15 beats/minute.


Table 3-3 Physiologic Responses to Exercise






	Increased heart rate

	Increased sympathetic stimulation






	Increased stroke volume

	Decreased parasympathetic stimulation






	Increased contractility

	Increased sympathetic stimulation






	Increased venous return

	Sympathetic-mediated venoconstriction






	 

	Pumping action of skeletal muscles






	 

	Decreased intrathoracic pressure with deep inspirations






	 

	Arteriolar vasodilation in exercising muscle






	Decreased afterload

	Arteriolar vasodilation in exercising muscle (mediated chiefly by local metabolites)






	Increased blood pressure

	Increased cardiac output






	 

	Vasoconstriction (sympathetic stimulation) on nonexercising vascular beds






	Increased O2 extraction

	Shift in oxyhemoglobin dissociation curve as a result of local acidosis







Local factors in exercising muscle cause arteriolar dilation, resulting in increased flow to the capillary beds. This vasodilation results in decreased resistance to flow, and therefore the SVR decreases with exercise. Despite this change in resistance, the systolic BP rises, owing to the augmented CO and to sympathetic vasoconstriction, which leads to the preferential shunting of blood away from nonexercising vascular beds. The diastolic BP, by contrast, generally remains constant during exercise. The pulmonary system is able to tolerate the increased flow with only small increases in pulmonary pressure. The increases in HR and contractility result in a significant increase in MvO2 (up to 300%), and coronary blood flow subsequently increases.


Various types of exercises have different effects on the circulatory system. The response described in this text occurs with isotonic exercises, such as running or biking. With isometric exercises, such as weight lifting, the predominant response is an increase in BP, owing to an increase in peripheral vasoconstriction.





Prospectus for the Future


Recent years have witnessed an explosion in the growth of basic knowledge governing normal heart development and function of the circulatory system. New insights about the molecular switches and factors that promote the formation of heart chambers and blood vessels are unraveling the genetic basis for unusual causes of congenital heart disease. Similarly, the recent discovery of specific growth factors and signaling pathways that guide vascular trajectory and ensure vascular stability offer new opportunities to rethink future strategies for promoting cardiac and vascular regeneration and repair. With increasing refinement in this basic knowledge, future milestones appear on the horizon for diagnosis, early treatment, and even prevention of cardiovascular diseases.
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Chapter 4 Evaluation of the Patient with Cardiovascular Disease




Sheldon E. Litwin, Ivor J. Benjamin









History


As with diseases of most organ systems, the ability of the physician to diagnose diseases of the cardiovascular system is in large part dependent on eliciting and interpreting the patient’s clinical history. A thorough history can enable the physician to identify a patient’s symptoms as characteristic of a specific cardiovascular disorder or to suggest that symptoms are unlikely to be caused by cardiovascular disease. In addition, a complete history will reveal the presence of other systemic diseases that may have cardiovascular manifestations, identify existing risk factors that may be modified to prevent the future development of cardiovascular disease (see Chapter 9), enable the selection of appropriate further diagnostic testing (see Chapter 5), and allow the assessment of functional capacity and extent of cardiovascular disability. The patient should be asked about prior medical conditions, including childhood illnesses (e.g., rheumatic fever), as well as intravenous drug use, which may lead to the development of valvular heart disease. Several cardiovascular disorders are inherited (e.g., hypertrophic cardiomyopathy, Marfan syndrome, long QT syndrome), and a thorough family history may bring this potential to the examiner’s attention.


The classic symptoms of cardiac disease include precordial discomfort or pain, dyspnea, palpitations, syncope or presyncope, and edema. Although characteristic of heart disease, these symptoms are nonspecific and may also occur as a result of diseases of other organ systems (e.g., musculoskeletal, pulmonary, renal, gastrointestinal). Furthermore, some patients with established cardiovascular disease may be asymptomatic or have atypical symptoms.


Chest pain is a frequent symptom and may be a manifestation of cardiovascular or noncardiovascular disease (Tables 4-1 and 4-2). Full characterization of the pain with regard to quality, quantity, frequency, location, duration, radiation, aggravating or alleviating factors, and associated symptoms may help distinguish among various causes. Reversible myocardial ischemia caused by obstructive coronary artery disease commonly results in episodic chest pain or discomfort during exertion or stress (angina pectoris). Patients frequently deny having pain and, instead, describe a discomfort in their chest. Sometimes they will refer to the discomfort as a squeezing, tightening, pressing, or burning sensation or as a heavy weight on their chest, and they will sometimes clench their fist over their chest while describing the discomfort (Levine sign). Anginal discomfort is classically located substernally or over the left chest. It frequently radiates to the epigastrium, neck, jaw, or back and down the ulnar aspect of the left arm. Radiation to the right chest or arm is less common, whereas radiation above the jaw or below the epigastrium is not typical of cardiac disease. Angina is usually brought on by either physical or emotional stress, is mild to moderate in intensity, lasts 2 to 10 minutes, and resolves with rest or sublingual administration of nitroglycerin. It may occur more frequently in the morning, in cold weather, after a large meal, or after exposure to environmental factors, including cigarette smoke, and is frequently accompanied by other symptoms, such as dyspnea, diaphoresis, nausea, palpitations, or lightheadedness. Patients frequently report a stable pattern of angina that is predictably reproducible with a given amount of exertion. Unstable angina occurs when a patient reports a significant increase in the frequency or severity of angina or when angina occurs with progressively decreasing exertion or at rest. When anginal-type pain occurs mainly at rest, it may be of a noncardiac origin, or it may reflect true cardiac ischemia resulting from coronary spasm (Prinzmetal or variant angina). The pain of an acute myocardial infarction may be similar to angina, although the former is usually more severe and prolonged (>30 minutes).




Table 4-1 Cardiovascular Causes of Chest Pain
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Table 4-2 Noncardiac Causes of Chest Pain
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The pain of acute pericarditis is usually sharper than anginal pain, is located to the left of the sternum, and may radiate to the neck or left shoulder. In contrast to angina, the pain may last hours, typically worsens with inspiration, and improves when the patient sits up and leans forward; it may be associated with a pericardial friction rub. Acute aortic dissection produces severe, sharp, tearing pain that radiates to the back and may be associated with asymmetrical pulses and a murmur of aortic insufficiency. Pulmonary emboli may produce the sudden onset of sharp chest pain that is worse on inspiration, is associated with shortness of breath, and may have an associated pleural friction rub, especially if a pulmonary infarction is present. A multitude of noncardiac conditions may also produce chest pain (see Table 4-2). The clinical history and physical examination findings will often help distinguish these causes from ischemic chest pain.


Dyspnea, an uncomfortable, heightened awareness of breathing, is commonly a symptom of cardiac disease. Patients with decreased left ventricular function may exhibit significant abnormalities of the aortic or mitral valves or decreased myocardial compliance (i.e., left ventricular hypertrophy, acute ischemia), left ventricular diastolic, or left atrial pressure increases transmitted through the pulmonary veins to the pulmonary capillary system, producing vascular congestion. This congestion results in exudation of fluid into the alveolar space and impairs gas exchange across the alveolar-capillary membrane, producing the subjective sensation of dyspnea. Dyspnea frequently occurs on exertion; however, in patients with severe cardiac disease, it may be present at rest. Patients with heart failure commonly sleep on two or more pillows because the augmented venous return that occurs on assuming the recumbent position produces an increase in dyspnea (orthopnea). In addition, these patients report awakening 2 to 4 hours after the onset of sleep with dyspnea (paroxysmal nocturnal dyspnea), which is likely caused by the central redistribution of peripheral edema in the supine position.


Dyspnea may be associated with diseases of the lungs or chest wall and is also seen in anemia, obesity, deconditioning, and anxiety disorders. In addition, the sudden onset of dyspnea, with or without chest pain, may be present with pulmonary emboli. It is frequently difficult to distinguish cardiac from pulmonary causes of dyspnea by history alone because both may produce resting or exertional dyspnea, orthopnea, or cough. Wheezing and hemoptysis are classically results of pulmonary disease, although they are also frequently present in the patient with pulmonary edema resulting from left ventricular dysfunction or mitral stenosis. True paroxysmal nocturnal dyspnea is, however, more specific for cardiac disease. In patients with coronary artery disease, dyspnea may be an anginal equivalent; that is, the dyspnea is the result of ischemia and occurs in a pattern consistent with angina but in the absence of chest discomfort.


Palpitation refers to the subjective sensation of the heart beating. Patients may describe a fluttering or pounding in the chest or a feeling that their heart races or skips a beat. Some people feel post-extrasystolic beats as a painful or uncomfortable sensation. Common arrhythmic causes of palpitations include premature atrial or ventricular contractions, supraventricular tachycardia, ventricular tachycardia, and sinus tachycardia. Occasionally, patients report palpitations even when no rhythm disturbance is noted during monitoring, as occurs commonly in patients with anxiety disorders. The pattern of palpitations, especially when correlated to the pulse, may help narrow the differential diagnosis: rapid, regular palpitations are noted with supraventricular tachycardia or ventricular tachycardia; rapid, irregular palpitations are noted with atrial fibrillation; and skipped beats are noted with premature atrial or ventricular contractions.


Syncope is the transient loss of consciousness resulting from inadequate cerebral blood flow and may be the result of a variety of cardiovascular diseases (see Chapter 10). True syncope must be distinguished from primary neurologic causes of loss of consciousness (i.e., seizures) and metabolic causes of loss of consciousness (e.g., hypoglycemia, hyperventilation). Cardiac syncope occurs after an abrupt decrease in cardiac output, as may occur with acute myocardial ischemia, valvular heart disease (aortic or mitral stenosis), hypertrophic obstructive cardiomyopathy, left atrial tumors, tachyarrhythmias (ventricular, or less commonly supraventricular, tachycardias), or bradyarrhythmias (e.g., sinus arrest, atrioventricular block, Stokes-Adams attacks). Reflex vasodilation or bradycardia may also result in syncope (vasovagal syncope, carotid sinus syncope, micturition syncope, cough syncope, or neurocardiogenic syncope), as may acute pulmonary embolism and hypovolemia. Because global, or at the very least bilateral, cortical ischemia is required to produce syncope, it rarely occurs as a result of unilateral carotid artery disease. However, syncope is occasionally the result of bilateral carotid artery disease and can also occur when disease of the vertebrobasilar system results in brainstem ischemia. In up to 50% of patients, the cause of a syncopal episode cannot be determined; however, in the cases in which a cause is determined, the most important factor in establishing the diagnosis is obtaining an accurate history of the event.


Edema is a nonspecific symptom that commonly accompanies cardiac disease as well as renal disease (e.g., nephrotic syndrome), hepatic disease (e.g., cirrhosis), and local venous abnormalities (e.g., thrombophlebitis, chronic venous stasis). When edema occurs as a result of cardiac disease, it reflects an increase in venous pressure. This increased pressure alters the balance between the venous hydrostatic and oncotic forces, resulting in extravasation of fluid into the extravascular space. When this process occurs as a result of elevated left-sided heart pressure, pulmonary edema results, whereas elevated right-sided heart pressure results in peripheral edema. Characteristically, the peripheral edema of heart failure is pitting; that is, an indentation is left in the skin after pressure is applied to the edematous region. The edema is exacerbated by long periods of standing, is worse in the evening, improves after lying down, and may first be noted when a patient has difficulty in fitting into his or her shoes. The edema may shift to the sacral region after a patient lies down for several hours. When visible edema is noted, it is usually preceded by a moderate weight gain (i.e., 5 to 10 lb), indicative of volume retention. As heart failure progresses, the edema may extend to the thighs and involve the genitalia and abdominal wall, and fluid may collect in the abdominal (ascites) or thoracic (pleural effusion) cavities. Anasarca with ascites should raise suspicion for constrictive pericarditis because this disease may progress very slowly and insidiously.


Cyanosis is an abnormal bluish discoloration of the skin resulting from an increase in the level of reduced hemoglobin in the blood and, in general, reflects an arterial oxygen saturation of 85% or less (normal arterial oxygen saturation, ≥95%). Central cyanosis exhibits as cyanosis of the lips or trunk and often reflects right-to-left shunting of blood caused by structural cardiac abnormalities (e.g., atrial or ventricular septal defects) or pulmonary parenchymal or vascular disease (e.g., chronic obstructive pulmonary disease, pulmonary embolism, pulmonary arteriovenous fistula). Peripheral cyanosis may occur because of systemic vasoconstriction in the setting of poor cardiac output or may be a localized phenomenon resulting from venous or arterial occlusive or vasospastic disease (e.g., venous or arterial thrombosis, arterial embolic disease, Raynaud disease). When cyanosis occurs in childhood, it usually reflects congenital heart disease with right-to-left shunting of blood.


Myriad other symptoms, many of them nonspecific, may occur with cardiac disease. Fatigue frequently occurs in the setting of poor cardiac output or may occur secondary to the medical therapy of cardiac disease from overdiuresis, aggressive blood pressure lowering, or use of β-blocking agents. Nausea and vomiting frequently occur during an acute myocardial infarction and may also reflect intestinal edema in the setting of right ventricular heart failure. Anorexia and cachexia may occur in severe heart failure. Positional fluid shifts may result in polyuria and nocturia in patients with edema. In addition, epistaxis, hoarseness, hiccups, fever, and chills may reflect underlying cardiovascular disease.


Many patients with significant cardiac disease are asymptomatic. Patients with coronary artery disease frequently have periods of asymptomatic ischemia that can be documented with ambulatory electrocardiographic monitoring. Furthermore, nearly one third of patients who suffer an acute myocardial infarction are unaware of the event. This silent ischemia appears to be more common in older adults and in patients with diabetes. Patients may also be asymptomatic despite having severely depressed ventricular function; this usually bespeaks a chronic, slowly progressive process. Reduced exercise capacity may only be seen during provocative testing. Similarly, recent findings show that a high percentage of episodes of atrial fibrillation are unrecognized by patients.









Assessment of Functional Capacity


In patients with cardiac disorders, the ability or inability to perform various activities (functional status) plays an important role in determining their extent of disability, deciding when to institute various therapies or interventions, and assessing their response to therapy as well as determining their overall prognosis. The New York Heart Association Functional Classification is a standardized method for the assessment of functional status (Table 4-3) and relates functional capacity to the presence or absence of cardiac symptoms during the performance of usual activities. The Canadian Cardiovascular Society has provided a similar classification of functional status specifically in patients with angina pectoris. These tools are useful in that they allow a patient’s symptoms to be classified and then compared with their symptoms at a different point in time.


Table 4-3 Classification of Functional Status






	Class I

	Uncompromised

	Ordinary activity does not cause symptoms.*
Symptoms only occur with strenuous or prolonged activity.






	Class II

	Slightly compromised

	Ordinary physical activity results in symptoms; no symptoms at rest.






	Class III

	Moderately compromised

	Less than ordinary activity results in symptoms; no symptoms at rest.






	Class IV

	Severely compromised

	Any activity results in symptoms; symptoms may be present at rest.







* Symptoms refer to undue fatigue, dyspnea, palpitations, or angina in the New York Heart Association classification and refer specifically to angina in the Canadian Cardiovascular Society classification.









Physical Examination






EXAMINATION OF THE JUGULAR VENOUS PULSATIONS


The examination of the neck veins allows for estimation of the right atrial pressure and for identification of the venous waveforms. The right internal jugular vein is used for this examination because it more accurately reflects right atrial pressure than the external jugular or left jugular vein. With the patient lying at a 45-degree angle (higher in patients with elevated venous pressure, lower in patients with low venous pressure) with the head turned to the left, the vertical distance from the sternal angle (angle of Louis) to the top of the venous pulsation can be determined. Because the right atrium lies about 5 cm vertically below the sternal angle, distention of the internal jugular vein 4 cm above the sternal angle reflects a right atrial pressure of 9 cm H2O. The right atrial pressure is normally 5 to 9 cm H2O and is increased with congestive heart failure, tricuspid insufficiency or stenosis, and restrictive or constrictive heart disease. With inspiration, negative intrathoracic pressure develops, venous blood drains into the thorax, and the normal venous pressure falls; the opposite is true with expiration. This pattern is reversed (Kussmaul sign) in the setting of right ventricular heart failure, constrictive pericarditis, or restrictive myocardial disease. With right ventricular heart failure, the elevated venous pressure results in passive congestion of the liver. Pressure applied over the liver for 1 to 3 minutes in this setting results in an increase in the jugular venous pressure (hepatojugular reflux).


The normal waveforms of the venous pulsation consist of the a, c, and v waves and the x and y descents; these waveforms are shown in Figure 4-1A and reflect events in the right side of the heart. The a wave results from atrial contraction. Subsequent atrial relaxation results in a decrease in the right atrial pressure, which is seen as the x descent. This descent is interrupted by the c wave, generated by the bulging of the tricuspid valve cusps into the right atrium during ventricular systole. As the atrial pressure increases owing to venous return, the v wave is generated. This wave is normally smaller than the a wave and is followed by the y descent as the tricuspid valve opens and blood flows from the right atrium to the right ventricle during diastole.
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Figure 4-1 Normal and abnormal jugular venous pulse tracings. A, Normal jugular pulse tracing with simultaneous electrocardiogram (ECG) and phonocardiogram. B, Loss of the a wave in atrial fibrillation. C, Large a wave in tricuspid stenosis. D, Large c-v wave in tricuspid regurgitation. E, Prominent x and y descents in constrictive pericarditis. F, Prominent x descent and diminutive y descent in pericardial tamponade. G, Jugular venous pulse (JVP) tracing and simultaneous ECG during complete heart block demonstrating cannon a waves occurring when the atrium contracts against a closed tricuspid valve during ventricular systole.




Abnormalities of the venous waveforms reflect underlying structural, functional, or electrical abnormalities of the heart (see Fig. 4-1B through G). The a wave increases in any condition in which greater resistance to right atrial emptying occurs (e.g., tricuspid stenosis, right ventricular hypertrophy or failure, pulmonary hypertension). Cannon a waves are seen when the atrium contracts against a closed tricuspid valve, as occurs with complete heart block, with junctional or ventricular rhythms, and occasionally with ventricular pacemakers. The a wave is absent in atrial fibrillation. In tricuspid regurgitation, the v wave is prominent and may merge with the c wave (c-v wave), thus diminishing or eliminating the x descent altogether. The y descent is attenuated in tricuspid stenosis, owing to the impaired atrial emptying. In pericardial constriction and restrictive cardiomyopathy, as well as in right ventricular infarction, the y descent becomes rapid and deep, and the x descent may also become prominent (w waveform). In pericardial tamponade, the x descent is prominent, but the y descent is diminished or absent.









EXAMINATION OF THE ARTERIAL PULSE


The arterial blood pressure can be measured with the use of a sphygmomanometer. The cuff is applied to the upper arm, rapidly inflated to 30 mm Hg above the anticipated systolic pressure, and then slowly deflated (= 3 mm Hg/sec) while listening for the sounds produced by blood entering the previously occluded brachial artery (Korotkoff sounds). The pressure at which the first sound is heard (usually a clear, tapping sound) represents the systolic pressure. Diastolic pressure occurs at the point at which the Korotkoff sounds disappear. Normally, the pressure in both arms is the same (about 120/70 mm Hg), and the systolic pressure in the legs is 10 to 20 mm Hg higher. Asymmetrical arm pressures can result from atherosclerotic disease of the aorta, aortic dissection, and stenosis of the innominate or subclavian arteries. Coarctation of the aorta and severe atherosclerotic disease of the aorta or the femoral or iliac arteries can result in a lower blood pressure in the legs than in the arms. Aortic insufficiency is frequently associated with a leg pressure more than 20 mm Hg higher than the arm pressure (Hill sign). Use of a cuff that is too small for a patient’s arm will result in erroneously high pressure measurements. Similarly, a cuff that is too large results in erroneously low measurements.


The arterial examination should include assessments of the carotid, radial, brachial, femoral, popliteal, posterior tibial, and dorsalis pedis pulses, although the carotid artery pulse most accurately reflects the central aortic pulse. The rhythm, strength, contour, and symmetry of the pulses should be noted. The normal arterial pulse (Fig. 4-2A) rises rapidly to a peak in early systole, plateaus, and then falls. The descending pressure wave is interrupted by the dicrotic notch, related to aortic valve closure. This normal pattern is altered in a variety of cardiovascular disease states (see Fig. 4-2B through F). The amplitude of the pulse increases in aortic insufficiency, anemia, pregnancy, and thyrotoxicosis and decreases in conditions such as hypovolemia, tachycardia, left ventricular failure, and severe mitral stenosis. Aortic insufficiency results in a bounding pulse (Corrigan pulse or water-hammer pulse), owing to an increased pulse pressure (the difference between systolic and diastolic pressure), and is accompanied by a multitude of abnormalities in the peripheral pulses that reflect this increased pulse pressure. Aortic stenosis characteristically results in an attenuated carotid pulse with a delayed upstroke (pulsus parvus et tardus) and may be associated with a palpable thrill over the aortic area (the carotid shudder). A bisferious pulse is commonly felt in the presence of pure aortic regurgitation and is characterized by two systolic peaks. The first peak is the percussion wave, resulting from the rapid ejection of a large volume of blood early in systole; the second peak is the tidal wave, a reflected wave from the periphery. This bifid pulse may also be noted in hypertrophic cardiomyopathy in which the initial rapid upstroke of the pulse is cut short by the development of a left ventricular outflow tract obstruction, resulting in a fall in the pulse. The reflected wave again produces the second impulse. In severe left ventricular dysfunction, the intensity of the pulse may alternate from beat to beat (pulsus alternans), and in atrial fibrillation, the pulse intensity is variable. With inspiration, negative intrathoracic pressure is transmitted to the aorta, and the systolic pressure normally decreases by up to 10 mm Hg. Pulsus paradoxus is an exaggeration of this normal inspiratory fall in systolic pressure and is characteristically seen with pericardial tamponade, although it may also occur as a result of severe obstructive lung disease, constrictive pericarditis, hypovolemic shock, and pregnancy.
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Figure 4-2 Normal and abnormal carotid arterial pulse contours. A, Normal arterial pulse with simultaneous electrocardiogram (ECG). The dicrotic wave (D) occurs just after aortic valve closure. B, Wide pulse pressure in aortic insufficiency. C, Pulsus parvus et tardus (small amplitude with a slow upstroke) associated with aortic stenosis. D, Bisferious pulse with two systolic peaks, typical of hypertrophic obstructive cardiomyopathy or aortic insufficiency, especially if concomitant aortic stenosis is present. E, Pulsus alternans, characteristic of severe left ventricular failure. F, Paradoxic pulse (systolic pressure decrease of >10 mm Hg with inspiration), most characteristic of cardiac tamponade.




Atherosclerotic disease of the peripheral vascular system frequently accompanies coronary atherosclerosis; therefore, the presence of peripheral vascular disease warrants a search for symptoms or signs of coronary artery disease and vice versa. When atherosclerosis occurs in a peripheral artery to the lower extremity and impairs blood flow distally, the patient may complain of intermittent cramping in the buttocks, thigh, calf, or foot (claudication). Severe peripheral vascular disease may result in digital ischemia or necrosis, without or with associated erectile dysfunction (Leriche syndrome). The peripheral pulses should be palpated and the abdominal aorta assessed for enlargement in all cardiac patients; a pulsatile, expansile, periumbilical mass suggests the presence of an abdominal aortic aneurysm. With significant stenosis of the peripheral vasculature, the distal pulses may be diminished or absent, and the blood flow through the stenotic artery may be audible (a bruit). With normal aging, the elastic arteries lose their compliance, and this change in physical property may obscure abnormal findings.









EXAMINATION OF THE PRECORDIUM


Inspection and palpation of the precordium may yield valuable clues as to the existence of cardiac disease. Chest wall abnormalities should be noted, such as pectus excavatum, which may be associated with Marfan syndrome or mitral valve prolapse; pectus carinatum, which may be associated with Marfan syndrome; and kyphoscoliosis, which is occasionally a cause of secondary pulmonary hypertension and right ventricular heart failure. The presence of visible pulsations in the aortic (second right intercostal space and suprasternal notch), pulmonic (third left intercostal space), right ventricular (left parasternal region), and left ventricular (fourth to fifth intercostal space and left mid-clavicular line) regions should be noted and will help direct the palpation of the heart. Retraction of the left parasternal area may be seen with severe left ventricular hypertrophy, and systolic retraction of the chest wall at the cardiac apex or left axilla (Broadbent sign) is characteristic of constrictive pericarditis.


Precordial palpation is best performed with the patient supine or in the left lateral position, with the examiner standing to the patient’s right side. In this position, firm placement of the examiner’s right hand over the patient’s lower left chest wall places the fingertips over the region of the cardiac apex and the palm over the region of the right ventricle. The normal cardiac apical impulse is a brief, discrete impulse (about 1 cm) located in the fourth to fifth intercostal space in the left mid-clavicular line generated as the left ventricle strikes the chest wall during early systole. In a patient with a structurally normal heart, the apex is the point of maximal impulse (PMI) of the heart against the chest wall. Enlargement of the left ventricle results in lateral displacement of the apical impulse, whereas chronic obstructive pulmonary disease may result in inferior displacement of the PMI. Volume overload states, such as aortic insufficiency and mitral regurgitation, produce ventricular enlargement primarily from dilation and result in a hyperdynamic apical impulse; that is, the impulse is brisk and increased in amplitude. Pressure overload states, such as aortic stenosis and long-standing hypertension, produce ventricular enlargement primarily from hypertrophy. In this setting, the apical impulse is sustained, and atrial contraction is frequently detected (a palpable S4). Hypertrophic cardiomyopathy characteristically produces a double or triple apical impulse. Left ventricular aneurysms produce an apical impulse that is larger than normal and dyskinetic.


The right ventricular impulse is not normally palpable. When an impulse is felt over the left parasternal region, it usually reflects right ventricular hypertrophy or dilation. Aortic aneurysms may be palpable (or visible) in the suprasternal notch or the second right intercostal space. Pulmonary hypertension may produce a palpable systolic impulse in the left third intercostal space and may also be associated with a palpable pulmonic component of the second heart sound (P2). Harsh murmurs originating from valvular or congenital heart disease may be associated with palpable vibratory sensations (thrills), as can occur with aortic stenosis, hypertrophic cardiomyopathy, and ventricular septal defects.












Auscultation






TECHNIQUE


Auscultation of the heart should ideally be performed in a quiet room with the patient in a comfortable position and the chest fully exposed. Certain heart sounds are better heard with either the bell or diaphragm of the stethoscope. Low-frequency sounds are best heard with the bell applied to the chest wall with just enough pressure to form a seal. As more pressure is applied to the bell, low-frequency sounds are filtered out. High-frequency sounds are best heard with the diaphragm firmly applied to the chest wall. In a patient with a normally situated heart, four major zones of cardiac auscultation are assessed. Aortic valvular events are best heard in the second right intercostal space. Pulmonary valvular events are best heard in the second left interspace. The fourth left interspace is ideal for auscultating tricuspid valvular events, and mitral valvular events are best heard at the cardiac apex or PMI. Because anatomic abnormalities, both congenital and acquired, can alter the location of the heart in the chest, the auscultatory areas may vary among patients. For instance, in patients with emphysema, the heart is shifted downward, and heart sounds may be best heard in the epigastrium. In dextrocardia, the heart lies in the right hemithorax, and the auscultatory regions are reversed. Additionally, auscultation in the axilla or supraclavicular areas or over the thoracic spine may be helpful in some settings, and having the patient lean forward, exhale, or perform various maneuvers may help accentuate particular heart sounds (Table 4-4).


Table 4-4 Effects of Physiologic Maneuvers on Auscultatory Events






	Maneuver

	Major Physiologic Effects

	Useful Auscultatory Changes






	Respiration

	↑ Venous return with inspiration

	↑ Right heart murmurs and gallops with inspiration; splitting of S2 (see Fig. 4-3)






	Valsalva (initial ↑ BP, phase I; followed by ↓ BP, phase II)

	↓ BP, ↓ venous return, ↓ LV size (phase II)

	


↑ HCM



↓ AS, MR









	 

	 

	MVP click earlier in systole; murmur prolongs






	Standing

	↑ Venous return

	↑ HCM






	 

	↑ LV size

	↓ AS, MR






	 

	 

	MVP click earlier in systole; murmur prolongs






	Squatting

	↑ Venous return

	↑ AS, MR, AI






	 

	↑ Systemic vascular resistance

	↓ HCM






	 

	↑ LV size

	MVP click delayed; murmur shortens






	Isometric exercise (e.g., handgrip)

	↑ Arterial pressure

	↑ Gallops






	↑ Cardiac output

	↑ MR, AI, MS






	 

	 

	↓ AS, HCM






	Post PVC or prolonged

	↑ Ventricular filling

	↑ AS






	 R-R interval

	↑ Contractility

	Little change in MR






	Amyl nitrate

	↓ Arterial pressure

	↑ HCM, AS, MS






	 

	↑ Cardiac output

	↓ AI, MR, Austin Flint murmur






	 

	↓ LV size

	MVP click earlier in systole; murmur prolongs






	Phenylephrine

	↑ Arterial pressure

	↑ MR, AI






	 

	↑ Cardiac output

	↓ AS, HCM






	 

	↓ LV size

	MVP click delayed; murmur shortens







↑, Increased intensity; ↓, decreased intensity; AI, aortic insufficiency; AS, aortic stenosis; BP, blood pressure; HCM, hypertrophic cardiomyopathy; LV, left ventricle; MR, mitral regurgitation; MS, mitral stenosis; MVP, mitral valve prolapse; PVC, premature ventricular contraction; R-R, interval between the R waves on an electrocardiogram.









NORMAL HEART SOUNDS


The two major heart sounds heard during auscultation are termed S1 and S2. These heart sounds are high-pitched sounds originating from valve closure (Web Sounds, normal [image: image]). S1 occurs at the onset of ventricular systole and corresponds to closure of the atrioventricular valves. It is usually perceived as a single sound, although occasionally its two components, M1 and T1, corresponding to closure of the mitral and tricuspid valves, respectively, can be heard. M1 occurs earlier, is the louder of the two components, and is best heard at the cardiac apex. T1 is somewhat softer and heard at the left lower sternal border. The second heart sound results from closure of the semilunar valves. The two components, A2 and P2, originating from aortic and pulmonic valve closure, respectively, can be easily distinguished. A2 is usually louder than P2 and is best heard at the right upper sternal border. P2 is loudest over the second left intercostal space. During expiration, the normal S2 is perceived as a single event. However, during inspiration, the augmented venous return to the right side of the heart and the increased capacitance of the pulmonary vascular bed result in a delay in pulmonic valve closure. In addition, the slightly decreased venous return to the left ventricle results in slightly earlier aortic valve closure. Thus, physiologic splitting of the second heart sound, with A2 preceding P2 during inspiration, is a normal respiratory event.


Occasionally, additional heart sounds may be heard in normal individuals. A third heart sound (see later discussion) can be heard in normal children and young adults, in whom it is referred to as a physiologic S3; it is rarely heard after the age of 40 years in healthy individuals (Web Sounds, S3 [image: image]).


A fourth heart sound (S4) is generated by forceful atrial contraction and is rarely audible in normal young individuals but is fairly common in older individuals (Web Sounds, S4 [image: image]).


A murmur is an auditory vibration usually generated either by abnormally increased flow across a normal valve or by normal flow across an abnormal valve or structure. Innocent murmurs are always systolic murmurs, are usually soft and brief, and are by definition not associated with abnormalities of the cardiovascular system. They arise from flow across the normal aortic or pulmonic outflow tracts and are present in a large proportion of children and young adults. Murmurs associated with high-flow states (e.g., pregnancy, anemia, fever, thyrotoxicosis, exercise) are not considered innocent, although they are not usually associated with structural heart disease. These are termed physiologic murmurs, owing to their association with altered physiologic states. Diastolic murmurs are never innocent or physiologic.









ABNORMAL HEART SOUNDS


Abnormalities of S1 and S2 relate to abnormalities in their intensity (Table 4-5) or abnormalities in their respiratory splitting (Table 4-6). As noted, splitting of the S1 is normal but not frequently noted. This splitting becomes more apparent with right bundle branch block or with Ebstein anomaly of the tricuspid valve, owing to delay in closure of the tricuspid valve in these conditions (Web Sounds, Ebstein [image: image]). The intensity of S1 is determined in part by the opening state of the atrioventricular valves at the onset of ventricular systole. If the valves are still widely open, as may occur with tachycardia or a short P-R interval, S1 will be accentuated. Conversely, in the presence of a long P-R interval, the mitral valve drifts toward a closed position before the onset of ventricular systole, and the subsequent S1 is soft. The intensity of S1 may vary in the presence of Mobitz type I heart block, atrioventricular dissociation, and atrial fibrillation when the relationship between atrial and ventricular systole varies. In mitral stenosis with a pliable valve, the persistent pressure gradient at the end of diastole keeps the mitral valve leaflets relatively open and results in a loud S1 at the onset of systole. In severe mitral stenosis, when the mitral valve is heavily calcified and has decreased leaflet excursion, S1 becomes faint or absent (Figs. 4-3 and 4-4).




Table 4-5 Abnormal Intensity of Heart Sounds


[image: image]






Table 4-6 Abnormal Splitting of S2


[image: image]
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Figure 4-3 Abnormal heart sounds can be related to abnormal intensity, abnormal presence of a gallop rhythm, or abnormal splitting of S2 with respiration. ECG, electrocardiogram.
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Figure 4-4 The relationship of extra heart sounds to the normal first (S1) and second (S2) heart sounds. S1 is composed of the mitral (M1) and tricuspid (T1) closing sounds, although it is frequently perceived as a single sound. S2 is composed of the aortic (A2) and pulmonic (P2) closing sounds, which are usually easily distinguished. A fourth heart sound (S4) is soft and low pitched and precedes S1. A pulmonic or aortic ejection sound (ES) occurs shortly after S1. The systolic click (C) of mitral valve prolapse may be heard in mid or late systole. The opening snap (OS) of mitral stenosis is high pitched and occurs shortly after S2. A tumor plop or pericardial knock occurs at the same time and can be confused with an OS or an S3, which is lower in pitch and occurs slightly later.




S2 may be loud in systemic hypertension, owing to accentuated aortic valve closure (loud A2), or in pulmonary hypertension, owing to accentuated pulmonic valve closure (loud P2). When the aortic or pulmonary valves are stenotic, the force of valve closure is decreased, thus A1 and P2 become soft or inaudible. In this setting, S2 may appear to be single; in the setting of aortic stenosis, prolonged left ventricular ejection narrows the normal splitting of S2; and with severe aortic stenosis, S2 may become absent altogether as prolonged ejection and its accompanying murmur obscure P2. Wide splitting of the S2 with normal respiratory variation occurs when either pulmonic valve closure is delayed (e.g., right bundle branch block, pulmonic stenosis) or aortic valve closure occurs earlier owing to more rapid ejection of left ventricular volume (e.g., mitral regurgitation, ventricular septal defect). Fixed splitting of S2 without respiratory variation is characteristic of atrial septal defects and also occurs with right ventricular failure (Web Sounds, ASD [image: image]). Paradoxic splitting of S2 is a reversal of the usual closure sequence of the aortic and pulmonic valves (i.e., P2 precedes A2). In this setting, a single S2 with inspiration and splitting of S2 with expiration can be heard. This circumstance occurs most commonly when delay occurs in closure of the aortic valve resulting from either delay in electrical conduction to the left ventricle (e.g., left bundle branch block) or prolonged mechanical contraction of the left ventricle (e.g., aortic stenosis, hypertrophic cardiomyopathy).


The third heart sound, S3 (also called the ventricular diastolic gallop), is a low-pitched sound occurring shortly after A2 in mid-diastole and heard best at the cardiac apex with the patient in the left lateral position. A pathologic S3 is distinguished from a physiologic S3 by age or the presence of underlying cardiac disease. It is frequently heard with ventricular systolic dysfunction from any cause and likely results either from blood entering the ventricle during the rapid filling phase of diastole or from the impact of the ventricle against the chest wall. Maneuvers that increase venous return accentuate S3, and maneuvers that decrease venous return make the S3 softer. An S3 can also be heard in hyperdynamic states, where it likely results from rapid early diastolic filling. The left ventricular S3 is best noticed at the cardiac apex, whereas the right ventricular S3 is heard best at the left lower sternal border and increases in intensity with inspiration. The timing of the S3 is similar to the sound generated by atrial tumors (tumor plop) and constrictive pericarditis (pericardial knock) and can also be confused with the opening snap of a stenotic mitral valve.


The fourth heart sound, S4 (also called the atrial diastolic gallop), is best heard at the cardiac apex with the bell of the stethoscope. It is a low-pitched sound originating from the active ejection of blood from the atrium into a noncompliant ventricle and is therefore not present in the setting of atrial fibrillation. S4 is commonly heard in patients with left ventricular hypertrophy from any cause (e.g., hypertension, aortic stenosis, hypertrophic cardiomyopathy) or acute myocardial ischemia and in hyperkinetic states. Frequently, the S4 is also palpable at the cardiac apex. S3 and S4 are occasionally present in the same patient. In the presence of tachycardia or a prolonged PR interval, the S3 and S4 may merge to produce a summation gallop.


The opening of normal cardiac valves is not audible. However, abnormal valves may produce opening sounds. In the presence of a bicuspid aortic valve or in aortic stenosis with pliable valve leaflets, an ejection sound is audible as the leaflets open to their maximal extent. A similar ejection sound may originate from a stenotic pulmonic valve, and in this case, the ejection sound decreases in intensity with inspiration. These ejection sounds are high pitched, occur early in systole, and are frequently followed by the typical ejection murmur of aortic or pulmonic stenosis. Ejection sounds are also heard with systemic or pulmonary hypertension, the exact mechanism of which is not clear.


Ejection sounds heard in mid to late systole are referred to as systolic clicks and are most commonly associated with mitral valve prolapse. As the redundant mitral valve prolapses and reaches its maximal superior displacement, it produces a high-pitched click. Several clicks may be heard as various parts of the redundant valve prolapse (Web Sounds, MVP [image: image]). Frequently, the click is followed by a mitral regurgitant murmur. Maneuvers that decrease venous return cause the clicks to occur earlier in systole and the murmur to become longer (see Table 4-4).


The opening of abnormal mitral or tricuspid valves can also be heard in the presence of rheumatic valvular stenosis, when the sound is referred to as an opening snap (Web Sounds, MS [image: image]). The snap is heard only if the valve leaflets are pliable and is generated as the leaflets abruptly dome during early diastole. The interval between S2 and the opening snap is of diagnostic importance; as the stenosis worsens and the atrial pressure increases, the mitral valve opens earlier in diastole, and the interval between the S2 and the opening snap shortens.









MURMURS


As stated previously, murmurs are a series of auditory vibrations generated when either abnormal blood flow across a normal cardiac structure or normal flow across an abnormal cardiac structure results in turbulent flow. These sounds are longer than the individual heart sounds and can be described by their location, intensity, frequency (pitch), quality, duration, and timing in relation to systole or diastole. The intensity of a murmur is graded on a scale of 1 to 6 (Table 4-7). In general, murmurs of grade 4 or greater are associated with a palpable thrill. The loudness of a murmur does not necessarily correlate with the severity of the underlying abnormality. For instance, flow across a large atrial septal defect is essentially silent, whereas flow across a small ventricular septal defect is frequently associated with a loud murmur (Web Sounds, VSD [image: image]). Higher-frequency murmurs correlate with a higher velocity of flow at the site of turbulence. Important to note are the pattern or configuration of the murmur (e.g., crescendo, crescendo-decrescendo, decrescendo, plateau) (Fig. 4-5) and the quality of the murmur (e.g., harsh, blowing, rumbling) as well as the location of maximal intensity and the pattern of radiation of the murmur. Various physical maneuvers may help clarify the nature of a particular murmur (see Table 4-4).


Table 4-7 Grading System for Intensity of Murmurs






	Grade 1

	Barely audible murmur






	Grade 2

	Murmur of medium intensity






	Grade 3

	Loud murmur, no thrill






	Grade 4

	Loud murmur with thrill






	Grade 5

	Very loud murmur; stethoscope must be on the chest to hear it; may be heard posteriorly






	Grade 6

	Murmur audible with stethoscope off the chest
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Figure 4-5 Abnormal sounds and murmurs associated with valvular dysfunction displayed simultaneously with left atrial (LA), left ventricular (LV), and aortic pressure tracings. AVO, aortic valve opening; E, ejection click of the aortic valve; MVO, mitral valve opening; OS, opening snap of the mitral valve. The shaded areas represent pressure gradients across the aortic valve during systole or mitral valve during diastole, characteristic of aortic stenosis and mitral stenosis, respectively.




Murmurs can be divided into three categories—(1) systolic, (2) diastolic, and (3) continuous (Table 4-8)—and can result from abnormalities on the right or left side of the heart as well as the great vessels. Right-sided murmurs may become significantly louder after inspiration, owing to the resulting augmentation of venous return, whereas left-sided murmurs are relatively unaffected by respiration. Systolic murmurs can be further divided into ejection-type murmurs and regurgitant murmurs. Ejection murmurs reflect turbulent flow across the aortic or pulmonic valve (Web Sounds, AS and PS [image: image]). They begin shortly after S1, increase in intensity as the velocity of flow increases, and subsequently decrease in intensity as the velocity falls (crescendo-decrescendo). Examples of ejection-type murmurs include innocent murmurs and the murmurs of aortic sclerosis, aortic stenosis, pulmonic stenosis, and hypertrophic cardiomyopathy. Innocent murmurs and aortic sclerotic murmurs are short in duration and do not radiate (Web Sounds, benign murmur [image: image]). The duration of aortic or pulmonic stenotic murmurs varies depending on the severity of the stenosis (compare Web Sounds, AS—early and AS—late [image: image]). With more severe stenosis, the murmur becomes longer, and the time to peak intensity of the murmur lengthens (i.e., early-, mid-, and late-peaking murmurs). The murmur of aortic stenosis is usually harsh, radiates to the carotid arteries, and at times may radiate to the cardiac apex (Gallavardin phenomenon). The murmur of hypertrophic cardiomyopathy may be confused with aortic stenosis, but it does not radiate to the carotids, and it is the only ejection murmur that becomes louder with decreased venous return. Mitral regurgitation associated with mitral valve prolapse may also show this response, but it is not a typical ejection murmur.




Table 4-8 Classification of Heart Murmurs


[image: image]




The classic regurgitant systolic murmurs of mitral (MR) and tricuspid regurgitation (TR) last throughout all of systole (holosystolic), are plateau in pattern, and terminate at S2 (Web Sounds, MR [image: image]). With acute MR, the murmur may be limited to early systole and may be somewhat decrescendo in pattern. When MR is secondary to mitral valve prolapse, it starts in mid to late systole and is preceded by a mitral valve click. Ventricular septal defects may also result in holosystolic murmurs, although a small muscular ventricular septal defect may have a murmur limited to early systole.


Early-diastolic murmurs result from aortic or pulmonic insufficiency and are decrescendo in pattern. The duration of the murmur reflects chronicity: a short murmur is heard in acute aortic insufficiency or mild insufficiency, whereas chronic aortic insufficiency may produce a murmur throughout diastole. A Graham Steell murmur denotes a pulmonic insufficiency murmur in the setting of pulmonary hypertension. Mid-diastolic murmurs classically result from mitral or tricuspid stenosis, are low pitched, and are referred to as diastolic rumbles. Similar murmurs may be heard with obstructing atrial myxomas or in the presence of augmented diastolic flow across an unobstructed mitral or tricuspid valve, as occurs with an atrial or ventricular septal defect or with significant MR or TR. Severe, chronic aortic insufficiency may also produce a diastolic rumble, owing to premature closure of the mitral valve (Austin Flint murmur). Late-diastolic murmurs reflect presystolic accentuation of the mid-diastolic murmurs, owing to augmented mitral or tricuspid flow after atrial contraction.


Continuous murmurs are murmurs that last throughout all of systole and continue into at least early diastole. These murmurs are referred to as machinery murmurs and are generated by continuous flow from a vessel or chamber with high pressure into a vessel or chamber with low pressure. A patent ductus arteriosus produces the classic continuous murmur (Web Sounds, PDA [image: image]).









OTHER CARDIAC SOUNDS


Pericardial rubs occur in the setting of pericarditis. These rubs produce coarse, scratching sounds heard best at the left sternal border with the patient leaning forward and holding his or her breath at end expiration. The classic rub has three components corresponding to atrial systole, ventricular systole, and ventricular diastole, although frequently only one or two of the components are audible (Web Sounds, pericardial rubs [image: image]). Localized irritation of the surrounding pleura may result in an associated pleural friction rub (pleuropericardial rub), which varies with respiration.


Continuous venous murmurs, or venous hums, are almost universally present in children. They are also frequent in adults, especially during pregnancy or in the setting of thyrotoxicosis or anemia. These murmurs are best heard at the base of the neck with the patient’s head turned to the opposite direction and can be eliminated by gentle pressure over the vein.









PROSTHETIC HEART SOUNDS


Prosthetic valves produce characteristic auscultatory findings. Porcine or bovine bioprosthetic valves produce heart sounds that are similar to native valve sounds; however, because these valves are smaller than the native valves that they replace, they almost always have an associated murmur (systolic ejection murmur when placed in the aortic position and diastolic rumble when placed in the mitral position). Mechanical valves result in crisp, high-pitched sounds related to valvular opening and closure. With ball-in-cage valves (e.g., Starr-Edwards valves, the opening sound is louder than the closure sound. With all other mechanical valves (e.g., Björk-Shiley valves, St. Jude valves), the closure sound is louder. These valves also produce an ejection-type murmur. Listening for all of the expected prosthetic sounds in patients with prosthetic valves is important because dysfunction of these valves may first be suggested by a change in the intensity or quality of the heart sounds or the development of a new or changing murmur.





Prospectus for the Future


Thanks to advances in chip technology, the essential art of cardiac auscultation is making a resurgence with the use of the computerized heart sound phonocardiography or acoustic cardiography. Students and experienced practitioners alike will be able to use an algorithm for predicting left ventricular dysfunction based on the characteristics of the S3 and S4 heart sounds and biomarkers of disease compensation and progression. Personal digital assistants, smartphones, and other technologies will make inroads for more accurate diagnosis during initial screening evaluation and bedside management of patients with cardiovascular disease.
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Chapter 5 Diagnostic Tests and Procedures in the Patient with Cardiovascular Disease




Sheldon E. Litwin









Chest Radiography


The chest radiograph is an integral part of the cardiac evaluation and gives valuable information regarding structure and function of the heart, lungs, and great vessels. A routine examination includes posteroanterior and lateral projections (Fig. 5-1).





[image: image]

Figure 5-1 Schematic illustration of the parts of the heart, whose outlines can be identified on a routine chest radiograph. A, Posteroanterior chest radiograph. B, Lateral chest radiograph. Ao, aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle.




In the posteroanterior view, cardiac enlargement may be present when the transverse diameter of the cardiac silhouette is greater than one half the transverse diameter of the thorax. The heart may appear falsely enlarged when it is displaced horizontally, such as with poor inflation of the lungs, and if the film is an anteroposterior projection, which magnifies the heart shadow. Left atrial enlargement is suggested when the left-sided heart border is straightened or bulges toward the left. In addition, the main bronchi may be widely splayed, and a circular opacity or double density within the cardiac silhouette may be seen. Right atrial enlargement may be present when the right-sided heart border bulges toward the right. Left ventricular enlargement results in downward and lateral displacement of the apex. A rounding of the displaced apex suggests ventricular hypertrophy. Right ventricular enlargement is best assessed in the lateral view and may be present when the right ventricular border occupies more than one third of the retrosternal space between the diaphragm and thoracic apex.


The aortic arch and thoracic aorta may become dilated and tortuous in patients with severe atherosclerosis, long-standing hypertension, and aortic dissection. Dilation of the proximal pulmonary arteries may occur when pulmonary pressures are elevated and pulmonary vascular resistance is increased. Disease states associated with increased pulmonary artery flow and normal vascular resistance, such as atrial or ventricular septal defects, may result in dilation of the proximal and distal pulmonary arteries.


Pulmonary venous congestion secondary to elevated left ventricular heart pressures results in redistribution of blood flow in the lungs and prominence of the apical vessels. Transudation of fluid into the interstitial space may result in fluid in the fissures and along the horizontal periphery of the lower lung fields (Kerley B lines). As venous pressures further increase, fluid collects within the alveolar space, which early on collects preferentially in the inner two thirds of the lung fields, resulting in a characteristic butterfly appearance.


Fluoroscopy or plain films may identify abnormal calcification involving the pericardium, coronary arteries, aorta, and valves. In addition, fluoroscopy can be instrumental in evaluating the function of mechanical prosthetic valves.


Specific radiographic signs of congenital and valvular diseases are discussed in their respective sections.









Electrocardiography


The electrocardiogram (ECG) represents the electrical activity of the heart recorded by skin electrodes. This wave of electrical activity is represented as a sequence of deflections on the ECG (Fig. 5-2). The horizontal scale represents time such that, at a standard paper speed of 25 mm/second, each small box (1 mm) represents 0.04 second, and each large box (5 mm) represents 0.20 second. The vertical scale represents amplitude (10 mm = 1 mV). The heart rate can be estimated by dividing the number of large boxes between complexes (R-R interval) into 300.
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Figure 5-2 Normal electrocardiographic complex with labeling of waves and intervals.




In the normal heart, the electrical impulse originates in the sinoatrial (SA) node and is conducted through the atria. Given that depolarization of the SA node is too weak to be detected on the surface ECG, the first, low-amplitude deflection on the surface ECG reflects atrial activation and is termed the P wave. The interval between the onset of the P wave and the next rapid deflection (QRS complex) is known as the PR interval and primarily represents the time taken for the impulse to travel through the atrioventricular (AV) node. The normal PR segment ranges from 0.12 to 0.20 second. A PR interval greater than 0.20 second defines AV nodal block.


After the wave of depolarization has moved through the AV node, the ventricular myocardium is depolarized in a sequence of four phases. First, the interventricular septum depolarizes from left to right. This phase is followed by depolarization of the right ventricle and inferior wall of the left ventricle, then the apex and central portions of the left ventricle, and, finally, the base and the posterior wall of the left ventricle. Ventricular depolarization results in a high-amplitude complex on the surface ECG known as the QRS complex. The first downward deflection of this complex is the Q wave, the first upward deflection is the R wave, and the subsequent downward deflection is the S wave. In some individuals, a second upward deflection may be present after the S wave and is termed R prime (R′). Normal duration of the QRS complex is less than 0.10 second. Complexes greater than 0.12 second are usually secondary to some form of interventricular conduction delay.


The isoelectric segment after the QRS complex is the ST segment and represents a brief period during which relatively little electrical activity occurs in the heart. The junction between the end of the QRS complex and the beginning of the ST segment is the J point. The upward deflection after the ST segment is the T wave and represents ventricular repolarization. The QT interval, which reflects the duration and transmural gradient of ventricular depolarization and repolarization, is measured from the onset of the QRS complex to the end of the T wave. The QT interval varies with heart rate, but for rates between 60 and 100 beats/minute, the normal QT interval ranges from 0.35 to 0.44 second. For heart rates outside this range, the QT interval can be corrected by the following formula:
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In some individuals, a U wave (of varying amplitude) may be noted after the T wave, the cause of which is unknown.


The standard ECG consists of 12 leads: six limb leads (I, II, III, aVR, aVL, and aVF) and six chest or precordial leads (V1 to V6) (Fig. 5-3). The electrical activity recorded in each lead represents the direction and magnitude (vector) of the electrical force as seen from that particular lead position. Electrical activity directed toward a particular lead is represented as an upward deflection, and an electrical impulse directed away from a particular lead is represented as a downward deflection. Although the overall direction of electrical activity can be determined for any of the waveforms previously described, the mean QRS axis is the most clinically useful and is determined by examining the six limb leads. Figure 5-4 illustrates Einthoven triangle and the polarity of each of the six limb leads of the standard ECG. Skin electrodes are attached to both arms and legs, with the right leg serving as the ground. Leads I, II, and III are bipolar leads and represent electrical activity between two leads: lead I represents electrical activity between the right and left arms (left arm positive), lead II between the right arm and left leg (left leg positive), and lead III between the left arm and left leg (left leg positive). Leads aVR, aVL, and aVF are designated the augmented leads. With these leads, the QRS will be positive or have a predominant upward deflection when the electrical forces are directed toward the right arm for aVR, left arm for aVL, and left leg for aVF. These six leads form a hexaxial frontal plane of 30-degree arc intervals. The normal QRS axis ranges from −30 to +90 degrees. An axis more negative than −30 defines left axis deviation, and an axis greater than +90 defines right axis deviation. In general, a positive QRS complex in leads I and aVF suggests a normal QRS axis between 0 and 90 degrees.
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Figure 5-3 Normal 12-lead electrocardiogram.
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Figure 5-4 Hexaxial reference figure for frontal plane axis determination, indicating values for abnormal left and right QRS axis deviations.




The six standard precordial leads (V1 to V6) are attached to the anterior chest wall (Fig. 5-5). Lead placement should be as follows: V1—fourth intercostal space, right sternal border; V2—fourth intercostal space, left sternal border; V3—midway between V2 and V4; V4—fifth intercostal space, left mid-clavicular line; V5—level with V4, left anterior axillary line; V6—level with V4, left mid-axillary line. The chest leads should be placed under the breast. Electrical activity directed toward these leads results in a positive deflection on the ECG tracing. Leads V1 and V2 are closest to the right ventricle and interventricular septum, and leads V5 and V6 are closest to the anterior and anterolateral walls of the left ventricle. Normally, a small R wave occurs in lead V1 reflecting septal depolarization and a deep S wave reflecting predominantly left ventricular activation. From V1 to V6, the R wave becomes larger (and the S wave smaller) because the predominant forces directed at these leads originate from the left ventricle. The transition from a predominant S wave to a predominant R wave usually occurs between leads V3 and V4. Right-sided chest leads are used to look for evidence of right ventricular infarction. ST-segment elevation in V4R has the best sensitivity and specificity for making this diagnosis. For right-sided leads, standard V1 and V2 are switched, and V3R to V6R are placed mirror image to the standard left-sided chest leads. Some groups have advocated the use of posterior leads to increase the sensitivity for diagnosing lateral and posterior wall infarction or ischemia (areas that are often deemed to be electrically silent on traditional 12-lead ECGs). To do this, six additional leads are placed in the fifth intercostal space continuing posteriorly from the position of V6.
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Figure 5-5 A, Left ventricular hypertrophy as seen on an electrocardiographic recording. Characteristic findings include increased QRS voltage in precordial leads (deep S in lead V2 and tall R in lead V5) and downsloping ST depression and T-wave inversion in lateral precordial leads (strain pattern) and leftward axis. B, Right ventricular hypertrophy with tall R wave in right precordial leads, downsloping ST depression in precordial leads (RV strain), right axis deviation, and evidence of right atrial enlargement.











Abnormal Electrocardiographic Patterns






CHAMBER ABNORMALITIES AND VENTRICULAR HYPERTROPHY


The P wave is normally upright in leads I, II, and F; inverted in aVR; and biphasic in V1. Left atrial abnormality (defined as enlargement, hypertrophy, or increased wall stress) is characterized by a wide P wave in lead II (0.12 second) and a deeply inverted terminal component in lead V1 (1 mm). Right atrial abnormality is present when the P waves in the limb leads are peaked and 2.5 mm or more in height.


Left ventricular hypertrophy may result in increased QRS voltage, slight widening of the QRS complex, late intrinsicoid deflection, left axis deviation, and abnormalities of the ST-T segments (see Fig. 5-5A). Multiple criteria with variable sensitivity and specificity for detecting left ventricular hypertrophy are available. The most frequently used criteria are given in Table 5-1.


Table 5-1 Electrocardiographic Manifestations of Atrial Abnormalities and Ventricular Hypertrophy






	

Left Atrial Abnormality



P-wave duration ≥ 0.12 second



Notched, slurred P wave in leads I and II



Biphasic P wave in lead V1 with a wide, deep, negative terminal component


Right Atrial Abnormality



P-wave duration ≤ 0.11 second



Tall, peaked P waves of ≥ 2.5 mm in leads II, III, and aVF


Left Ventricular Hypertrophy



Voltage criteria



R wave in lead aVL ≥ 12 mm



R wave in lead I ≥ 15 mm



S wave in lead V1 or V2 + R wave in lead V5 or V6 ≥ 35 mm



Depressed ST segments with inverted T waves in the lateral leads



Left axis deviation



QRS duration ≥ 0.09 second



Left atrial enlargement


Right Ventricular Hypertrophy



Tall R waves over right precordium (R : S ratio in lead V1 > 1.0)



Right axis deviation



Depressed ST segments with inverted T waves in leads V1 to V3




Normal QRS duration (if no right bundle branch block)



Right atrial enlargement










Right ventricular hypertrophy is characterized by tall R waves in leads V1 through V3; deep S waves in leads I, aVL, V5, and V6; and right axis deviation (see Fig. 5-5B). In patients with chronically elevated pulmonary pressures, such as with chronic lung disease, a combination of ECG abnormalities reflecting a right-sided pathologic condition may be present and include right atrial abnormality, right ventricular hypertrophy, and right axis deviation. In patients with acute pulmonary embolus, ECG changes may suggest right ventricular strain and include right axis deviation; incomplete or complete right bundle branch block; S waves in leads I, II, and III; and T-wave inversions in leads V1 through V3.









INTERVENTRICULAR CONDUCTION DELAYS


The ventricular conduction system consists of two main branches, the right and left bundles. The left bundle further divides into the anterior and posterior fascicles. Conduction block can occur in either of the major branches or in the fascicles (Table 5-2).


Table 5-2 Electrocardiographic Manifestations of Fascicular and Bundle Branch Blocks






	

Left Anterior Fascicular Block



QRS duration ≤ 0.1 second



Left axis deviation (more negative than −45 degrees)



rS pattern in leads II, III, and aVF



qR pattern in leads I and aVL


Right Posterior Fascicular Block



QRS duration ≤ 0.1 second



Right axis deviation (+90 degrees or greater)



qR pattern in leads II, III, and aVF



rS pattern in leads I and aVL



Exclusion of other causes of right axis deviation (chronic obstructive pulmonary disease, right ventricular hypertrophy)


Left Bundle Branch Block



QRS duration ≥ 0.12 second



Broad, slurred, or notched R waves in lateral leads (I, aVL, V5, and V6)



QS or rS pattern in anterior precordium leads (V1 and V2)



ST-T-wave vectors opposite to terminal QRS vectors


Right Bundle Branch Block



QRS duration ≥ 0.12 second



Large R′ wave in lead V1 (rsR′)



Deep terminal S wave in lead V6




Normal septal Q waves



Inverted T waves in leads V1 and V2











Fascicular block results in a change in the sequence of ventricular activation but does not prolong overall conduction time (QRS duration remains < 0.10 second). Left anterior fascicular block is a relatively common ECG abnormality and is sometimes associated with right bundle branch block. This conduction abnormality is present when extreme left axis deviation occurs (more negative than −45 degrees); when the R wave is greater than the Q wave in leads I and aVL; and when the S wave is greater than the R wave in leads II, III, and aVF. Left posterior fascicular block is uncommon but is associated with right axis deviation (>90 degrees); small Q waves in leads II, III, and aVF; and small R waves in leads I and aVL. The ECG findings associated with fascicular blocks can be confused with myocardial infarction (MI). For example, with left anterior fascicular block, the prominent QS deflection in leads V1 and V2 can mimic an anteroseptal MI, and the rS deflection in leads II, III, and aVF can be confused with an inferior MI. Similarly, the rS deflection in leads I and aVL in left posterior fascicular block may be confused with a high lateral infarct. The presence of abnormal ST- and T-wave segments and pathologic Q waves (see “Myocardial Ischemia and Infarction” later) are helpful findings to differentiate MI from a fascicular block.


Bundle branch blocks are associated with QRS duration longer than 120 milliseconds. In left bundle branch block, depolarization proceeds down the right bundle, across the interventricular septum from right to left, and then to the left ventricle. Characteristic ECG findings include a wide QRS complex; a broad R wave in leads I, aVL, V5, and V6; a deep QS wave in leads V1 and V2; and ST depression and T-wave inversion opposite the QRS deflection (Fig. 5-6A). Given the abnormal sequence of ventricular activation with left bundle branch block, many ECG abnormalities, such as Q-wave MI and left ventricular hypertrophy, are difficult to evaluate. In some cases, acute MI is still apparent even with LBBB. Left bundle branch block almost always indicates the presence of underlying myocardial disease (most commonly fibrosis due to ischemic injury or hypertrophy). With right bundle branch block, the interventricular septum depolarizes normally from left to right, and therefore the initial QRS deflection remains unchanged. As a result, ECG abnormalities such as Q-wave MI can still be interpreted. After septal activation, the left ventricle depolarizes, followed by the right ventricle. The ECG is characterized by a wide QRS complex; a large R′ wave in lead V1 (R-S-R′); and deep S waves in leads I, aVL, and V6, representing delayed right ventricular activation (see Fig. 5-6B). Although right bundle branch block may be associated with underlying cardiac disease, it may also appear as a normal variant or be seen intermittently when heart rate is elevated. In the latter case, it is often referred to as rate-related bundle branch block.





[image: image]

Figure 5-6 A, Left bundle branch block (LBBB). B, Right bundle branch block (RBBB). Criteria for bundle branch block are summarized in Table 5-2.











MYOCARDIAL ISCHEMIA AND INFARCTION


Myocardial ischemia and MI may be associated with abnormalities of the ST segment, T-wave, and QRS complex. Myocardial ischemia primarily affects repolarization of the myocardium and is often associated with horizontal or down-sloping ST-segment depression and T-wave inversion. These changes may be transient, such as during an anginal episode or an exercise stress test, or may be long-lasting in the setting of unstable angina or MI. T-wave inversion without ST-segment depression is a nonspecific finding and must be correlated with the clinical setting. Localized ST-segment elevation suggests more extensive myocardial injury and is often associated with acute MI (see Fig. 5-7). Vasospastic or Prinzmetal angina may be associated with reversible ST-segment elevation without MI. ST-segment elevation may occur in other settings not related to acute ischemia or infarction. Persistent, localized ST-segment elevation in the same leads as pathologic Q waves is consistent with a ventricular aneurysm. Acute pericarditis is associated with diffuse ST-segment elevation and PR depression. Diffuse J-point elevation in association with upward-coving ST segments is a normal variant common among young men and is often referred to as early repolarization.
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Figure 5-7 A, Evolutionary changes in a posteroinferior myocardial infarction. Control tracing is normal. The tracing recorded 2 hours after onset of chest pain demonstrated development of early Q waves, marked ST-segment elevation, and hyperacute T waves in leads II, III, and aVF. In addition, a larger R wave, ST-segment depression, and negative T waves have developed in leads V1 and V2. These are early changes indicating acute posteroinferior myocardial infarction. The 24-hour tracing demonstrates evolutionary changes. In leads II, III, and aVF, the Q wave is larger, the ST segments have almost returned to baseline, and the T wave has begun to invert. In leads V1 to V2, the duration of the R wave now exceeds 0.04 seconds, the ST segment is depressed, and the T wave is upright. (In this example, ECG changes of true posterior involvement extend past lead V2; ordinarily, only leads V1 and V2 may be involved.) Only minor further changes occur through the 8-day tracing. Finally, 6 months later, the ECG illustrates large Q waves, isoelectric ST segments, and inverted T waves in leads II, III, and aVF and large R waves, isoelectric ST segment, and upright T waves in leads V1 and V2, indicative of an old posteroinferior myocardial infarction. B, Example of an ECG from a patient with an underlying LBBB who experienced an acute anterior myocardial infarction. Characteristic ST segment elevation and hyperacute T-waves are seen in leads V1-V6 and leads I and AVL despite the presence of the LBBB. Note that this is not always the case, as a patient with typical symptoms and a LBBB as well as no definite ischemic ST segment elevations should still be treated as if the individual is having an MI or acute coronary syndrome.




The presence of a Q wave is one of the diagnostic criteria used to verify MI. Infarcted myocardium is unable to conduct electrical activity, and therefore electrical forces will be directed away from the surface electrode overlying the infarcted region, resulting in a Q wave on the surface ECG. Knowing which region of the myocardium each lead represents enables the examiner to localize the area of infarction (Table 5-3). A pathologic Q wave has a duration of greater than or equal to 0.04 second or a depth one fourth or more the height of the corresponding R wave.


Table 5-3 Electrocardiographic Localization of Myocardial Infarction






	Infarct Location

	Leads Depicting Primary
Electrocardiographic Changes

	Likely Vessel* Involved






	Inferior

	II, III, aVF

	RCA






	Septal

	V1, V2


	LAD






	Anterior

	V3, V4


	LAD






	Anteroseptal

	V1 to V4


	LAD






	Extensive anterior

	I, aVL, V1 to V6


	LAD






	Lateral

	I, aVL, V5 to V6


	CIRC






	High lateral

	I, aVL

	CIRC






	Posterior†


	Prominent R in V1


	RCA or CIRC






	Right ventricular‡


	ST elevation in V1 and, more specifically, V4R in setting of inferior infarction

	RCA







CIRC, circumflex artery; LAD, left anterior descending coronary artery; RCA, right coronary artery.


* This is a generalization; variations occur.


† Usually in association with inferior or lateral infarction.


‡ Usually in association with inferior infarction.


Not all MIs result in the formation of Q waves. In addition, small R waves can return many weeks to months after an MI.


Abnormal Q waves, or pseudoinfarction, may also be associated with nonischemic cardiac disease, such as ventricular pre-excitation, cardiac amyloidosis, sarcoidosis, idiopathic or hypertrophic cardiomyopathy, myocarditis, and chronic lung disease.









ABNORMALITIES OF THE ST SEGMENT AND T WAVE


A number of drugs and metabolic abnormalities may affect the ST segment and T wave (Fig. 5-8). Hypokalemia may result in prominent U waves in the precordial leads and prolongation of the QT interval. Hyperkalemia may result in tall, peaked T waves. Hypocalcemia typically lengthens the QT interval, whereas hypercalcemia shortens it. A commonly used cardiac medication, digoxin, often results in diffuse, scooped ST-segment depression. Minor or nonspecific ST-segment and T-wave abnormalities may be present in many patients and have no definable cause. In these instances, the physician must determine the significance of the abnormalities based on the clinical setting.
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Figure 5-8 Metabolic and drug influences on the electrocardiographic recording.




[image: image] Several excellent websites containing examples of normal and abnormal ECGs are available.












Long-Term Ambulatory Electrocardiographic Recording


Ambulatory ECG (Holter monitoring) is a widely used, noninvasive method to evaluate cardiac arrhythmias and conduction disturbances over an extended period and to detect electrical abnormalities that may be brief or transient. With this approach, ECG data from two to three surface leads are stored on a tape recorder that the patient wears for a minimum of 24 to 48 hours. The recorders have both patient-activated event markers and time markers so that any abnormalities can be correlated with the patient’s symptoms or time of day. These data can then be printed in a standard, real-time ECG format for review.


For patients with intermittent or rare symptoms, an event recorder, which can be worn for several weeks, may be helpful in identifying the arrhythmia. The simplest device is a small, hand-held monitor that is applied to the chest wall when symptoms occur. The ECG data are recorded and can be transmitted later by telephone to a monitoring center for analysis. A more sophisticated system uses a wrist recorder that allows continuous-loop storage of 4 to 5 minutes of ECG data from one lead. When the patient activates the system, ECG data preceding the event and for 1 to 2 minutes after the event are recorded and stored for further analysis. With both of these devices, the patient must be physically able to activate the recorder during the episode to store the ECG data. Implantable recording devices (subcutaneous) are sometimes used to diagnose infrequent events.






STRESS TESTING


Stress testing is an important noninvasive tool for evaluating patients with known or suggested coronary artery disease (CAD). During exercise, the increased demand for oxygen by the working skeletal muscles is met by increases in heart rate and cardiac output. In patients with significant CAD, the increase in myocardial oxygen demand cannot be met by an increase in coronary blood flow. As a result, myocardial ischemia may occur, resulting in chest pain and characteristic ECG abnormalities. These changes, combined with the hemodynamic response to exercise, can give useful diagnostic and prognostic information in the patient with cardiac abnormalities. The most frequent indications for stress testing include establishing a diagnosis of CAD in patients with chest pain, assessing prognosis and functional capacity in patients with chronic stable angina or after an MI, evaluating exercise-induced arrhythmias, and assessing for ischemia after a revascularization procedure.


The most common form of stress testing uses continuous ECG monitoring while the patient walks on a treadmill. With each advancing stage, the speed and incline of the belt increases, thus increasing the amount of work the patient performs. The commonly used Bruce protocol employs 3 minutes of exercise at each stage. The modified Bruce protocol incorporates two beginning stages with slower speeds and lesser inclines than are used in the standard Bruce protocol. The modified Bruce or similar protocols are generally used for older, markedly overweight, and unstable or more debilitated patients. Exercise testing may also be performed using a bicycle or arm ergometer. The stress test is generally deemed adequate if the patient achieves 90% of his or her predicted maximal heart rate, which is equal to 220 minus the patient’s age. Indications for stopping the test include fatigue, severe hypertension (>220 mm Hg systolic), worsening angina during exercise, developing marked or widespread ischemic ECG changes, significant arrhythmias, or hypotension. The diagnostic accuracy of stress testing is improved with adjunctive echocardiography or radionuclide imaging. Contraindications to stress testing include unstable angina, acute MI, poorly controlled hypertension (blood pressure >220/110 mm Hg), severe aortic stenosis (valve area < 1.0 cm2), and decompensated congestive heart failure. In the era of reperfusion therapy (thrombolytic and percutaneous interventions), for acute coronary syndromes or acute MI, little role exists for the predischarge submaximal stress test that was commonly used in the past.


The diagnostic accuracy of the exercise test is dependent on the pre-test likelihood of CAD in a given patient, the sensitivity and specificity of the test results in that patient population, and the ECG criteria used to define a positive test. Clinical features that are most useful at predicting important angiographic coronary disease before exercise testing include advanced age, male sex, and the presence of typical (vs. atypical) anginal chest pain. The diagnostic accuracy and cost-effectiveness of exercise testing is best in patients with an intermediate risk for CAD (30% to 70%) and when ischemic ECG changes are accompanied by chest pain during exercise. Exercise testing is less cost-effective in diagnosing CAD in a patient with classic symptoms of angina because a positive test will not significantly increase the post-test probability of CAD, and a negative test would likely represent a false-negative result. Nonetheless, prognostic information and objective information about the efficacy of pharmacologic therapy may still be obtained. Similarly, exercise testing in young patients with atypical chest pain may not be diagnostically useful, given that an abnormal test result will likely represent a false-positive test and will not significantly increase the post-test probability of CAD.


The normal physiologic response to exercise is an increase in heart rate and systolic and diastolic blood pressures. The ECG will maintain normal T-wave polarity, and the ST segment will remain unchanged or, if depressed, will have a rapid upstroke back to baseline. An ischemic ECG response to exercise is defined as (1) 1.5 mm of up-sloping ST-segment depression measured 0.08 second past the J point, (2) at least 1 mm of horizontal ST depression, or (3) 1 mm of down-sloping ST-segment depression measured at the J point. Given the large amount of artifact on the ECG that may occur with exercise, these changes must be present in at least three consecutive depolarizations. Other findings suggestive of more extensive CAD include early onset of ST depression (6 minutes); marked, down-sloping ST depression (>2 mm), especially if present in more than five leads; ST changes persisting into recovery for more than 5 minutes; and failure to increase systolic blood pressure to 120 mm Hg or more or a sustained decrease of 10 mm Hg or more below baseline.


The ECG is not diagnostically useful in the presence of left ventricular hypertrophy, left bundle branch block, Wolff-Parkinson-White syndrome, or chronic digoxin therapy. In these instances, nuclear or echocardiographic imaging is needed to diagnose ischemia. In patients who are unable to exercise, pharmacologic stress testing with myocardial imaging has been shown to have sensitivity and specificity for detecting CAD equal to those of exercise stress imaging. Intravenous dipyridamole and adenosine and newer selective adenosine A2A receptor agonists are coronary vasodilators that result in increased blood flow in normal arteries without significantly changing flow in diseased vessels. The resulting heterogeneity in blood flow can be detected by nuclear imaging techniques and the regions of myocardium supplied by diseased vessels identified. Another commonly used technique to evaluate for ischemia is dobutamine-stress echocardiography. Dobutamine is an inotropic agent that increases myocardial oxygen demand by increasing heart rate and contractility. The echocardiogram is used to monitor for ischemia, which is defined as new or worsening wall motion abnormalities during the infusion. Demonstrating improvement in wall thickening with low-dose dobutamine suggests that there is myocardial viability of abnormal segments (i.e., segments that are hypokinetic or akinetic at baseline).









ECHOCARDIOGRAPHY


Echocardiography is a widely used, noninvasive technique in which sound waves are used to image cardiac structures and evaluate blood flow. A piezoelectric crystal housed in a transducer placed on the patient’s chest wall produces ultrasound waves. As the sound waves encounter structures with different acoustic properties, some of the ultrasound waves are reflected back to the transducer and recorded. Ultrasound waves emitted from a single, stationary crystal produce an image of a thin slice of the heart (M mode), which can then be followed through time. Steering the ultrasound beam across a 90-degree arc multiple times per second creates two-dimensional imaging (Fig. 5-9). Transthoracic echocardiography is safe, simple, fast, and relatively inexpensive. Hence it is the most commonly used test to assess cardiac size, structure, and function. The development of three-dimensional echocardiographic imaging techniques offers great promise for more accurate measurements of chamber volumes and mass as well as the assessment of geometrically complex anatomy and valvular lesions (Web Fig. 5-1 [image: image] shows a three-dimensional image).
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Figure 5-9 Portions of standard two-dimensional echocardiograms (A, parasternal long-axis view; B, apical four-chamber view) showing the major cardiac structures. Ao, aorta; IVS, interventricular septum; LA, left atrium; LV, left ventricle; MV, mitral valve; PE, pericardial effusion; PW, posterior LV wall; RV, right ventricle. See Web Figure 5-3 [image: image] for a moving image of a two-dimensional echocardiogram.


(Image courtesy of Sheldon E. Litwin, MD, Division of Cardiology, University of Utah.)





Doppler echocardiography allows assessment of both direction and velocity of blood flow within the heart and great vessels. When ultrasound waves encounter moving red blood cells, the energy reflected back to the transducer is altered. The magnitude of this change (Doppler shift) is represented as velocity on the echocardiographic display and can be used to determine whether the blood flow is normal or abnormal (Fig. 5-10). In addition, the velocity of a particular jet of blood can be converted to pressure using the modified Bernoulli equation (ΔP ≅ 4v2). This process allows for the assessment of pressure gradients across valves or between chambers. Color Doppler imaging allows visualization of blood flow through the heart by assigning a color to the red blood cells based on their velocity and direction (Fig. 5-11; Web Fig. 5-2 [image: image]). By convention, blood moving away from the transducer is represented in shades of blue, and blood moving toward the transducer is represented in red. Color Doppler imaging is particularly useful in identifying valvular insufficiency and abnormal shunt flow between chambers. Recently, the use of Doppler techniques to record myocardial velocities or strain rates has provided new insight into myocardial function and hemodynamics.





[image: image]

Figure 5-10 Doppler tracing in a patient with aortic stenosis and regurgitation. The velocity of systolic flow is related to the severity of obstruction.







[image: image]

Figure 5-11 Color Doppler recording demonstrating severe mitral regurgitation. The regurgitant jet seen in the left atrium (LA) is represented in blue because blood flow is directed away from the transducer. The yellow components are the mosaic pattern traditionally assigned to turbulent or high-velocity flow. The arrow points to the hemisphere of blood accelerating proximal to the regurgitant orifice (proximal isovelocity surface area [PISA]). The size of the PISA can be used to help grade the severity of regurgitation. LA, left atrium; LV, left ventricle. See Web Figure 5-2 [image: image] for a dynamic echocardiographic image in a patient with mitral regurgitation.


(Image courtesy of Sheldon E. Litwin, MD, Division of Cardiology, University of Utah.)





Two-dimensional echocardiography and Doppler echocardiography are often used in conjunction with exercise or pharmacologic stress testing. Although variability occurs among studies, the sensitivity of stress echocardiography is apparently slightly lower, but the specificity is slightly higher, compared with myocardial perfusion imaging with nuclear tracers. The overall cost-effectiveness of stress echocardiography is estimated to be significantly better than nuclear perfusion imaging because of the lower cost.


The development of ultrasound contrast agents composed of microbubbles that are small enough to transit through the pulmonary circulation has greatly improved the ability to use ultrasound to image obese patients, patients with lung disease, and those with otherwise difficult acoustic windows (Fig. 5-12; Web Fig. 5-3 [image: image] shows a dynamic contrast echocardiographic image). These agents are also being developed as molecular imaging agents by complexing the bubbles to compounds that can selectively bind to the target site of interest (i.e., clots, neovessels).





[image: image]

Figure 5-12 Echocardiogram enhanced with intravenous ultrasound contrast agent (A, apical four-chamber view; B, apical long-axis view). Highly echo-reflectant microbubbles make the left ventricular cavity appear white, whereas the myocardium appears dark. See Web Figure 5-3 [image: image] for a dynamic image of echocardiographic contrast.


(Image courtesy of Sheldon E. Litwin, MD, Division of Cardiology, University of Utah.)





Transesophageal echocardiography (TEE) allows two-dimensional and Doppler imaging of the heart through the esophagus by having the patient swallow a gastroscope mounted with an ultrasound crystal within its tip. Given the close proximity of the esophagus to the heart, high-resolution images can be obtained, especially of the left atrium, mitral valve apparatus, and aorta. TEE is particularly useful in diagnosing aortic dissection, endocarditis, prosthetic valve dysfunction, and left atrial masses (Fig. 5-13; Web Fig. 5-4 [image: image]).





[image: image]

Figure 5-13 Transesophageal echocardiogram demonstrating the presence of a vegetation adherent to the ring of a bi-leaflet tilting-disk mitral valve prostheses (A, systole, leaflets closed with vegetation seen in left atrium; B, diastole, leaflets open, vegetation prolapsing into left ventricle). Transesophageal echocardiography is the diagnostic test of choice for assessing prosthetic mitral valves because the esophageal window allows unimpeded views of the atrial surface of the valve. LA, left atrium; LV, left ventricle; MV, prosthetic mitral valve disks; V, vegetation. See Web Figure 5-4 [image: image] for a dynamic transesophageal echocardiographic image.


(Image courtesy of Sheldon E. Litwin, MD, Division of Cardiology, University of Utah.)












NUCLEAR CARDIOLOGY


Radionuclide imaging of the heart allows quantification of left ventricular size and systolic function as well as myocardial perfusion. With radionuclide ventriculography, the patient’s red blood cells are labeled with a small amount of a radioactive tracer (usually technetium-99m). Left ventricular function can then be assessed by one of two methods. With the first-pass technique, radiation emitted by the tagged red blood cells as they initially flow though the heart is detected by a gamma camera positioned over the patient’s chest. With the gated equilibrium method, or multigated acquisition (MUGA) method, the tracer is allowed to achieve an equilibrium distribution throughout the blood pool before count acquisition begins. This second method improves the resolution of the ventriculogram. For both techniques, the gamma camera can be gated to the ECG, allowing for determination of the total emitted end-diastole counts (EDC) and end-systole counts (ESC). Left ventricular ejection fraction (LVEF) can then be calculated as follows:





[image: image]





If scintigraphic information is collected throughout the cardiac cycle, a computer-generated image of the heart can be displayed in a cinematic fashion, allowing for the assessment of wall motion.


Myocardial perfusion imaging is usually performed in conjunction with exercise or pharmacologic (vasodilator) stress testing. Persantine, or more commonly adenosine, is used as the coronary vasodilator. Each agent can increase myocardial blood flow by fourfold to fivefold. Adenosine is more expensive, but has the advantage over Persantine of a very short half-life. Newer adenosine-like agents with reduced side-effect profiles are starting to be used clinically. Technetium-99m sestamibi is the most frequently used radionuclide and is usually injected just before completion of the stress test. Tomographic (single-photon emission computed tomography [SPECT]) images of the heart are obtained for qualitative and quantitative analyses at rest and after stress. In the normal heart, radioisotope is relatively equally distributed throughout the myocardium. In patients with ischemia, a localized area of decreased uptake will occur after exercise but partially or completely fill in at rest (redistribution). A persistent defect at peak exercise and rest (fixed defect) is consistent with MI or scarring. However, in some patients with apparently fixed defects, repeat rest imaging at 24 hours or after reinjection of a smaller quantity of isotope will demonstrate improved uptake, indicating the presence of viable, but severely ischemic, myocardium. The use of new approaches such as combined low-level exercise and vasodilators, prone imaging, attenuation correction, and computerized data analysis has improved the quality and reproducibility of the data from these studies.


Myocardial perfusion imaging may also be combined with ECG-gated image acquisition to allow for simultaneous assessment of ventricular function and perfusion. Not only can LVEF be quantitated with this technique, but also regional wall motion can be assessed to help rule out artifactual perfusion defects (Web Fig. 5-5 [image: image]).


Positron-emission tomography (PET) is a noninvasive method of detecting myocardial viability by the use of both perfusion and metabolic tracers. In patients with left ventricular dysfunction, the presence of metabolic activity in a region of myocardium supplied by a severely stenotic coronary artery suggests viable tissue that may regain more normal function after revascularization (Fig. 5-14). PET is less widely available than conventional SPECT imaging; however, PET offers improved spatial resolution because of the higher energy of the isotopes used for this type of imaging.
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Figure 5-14 Resting myocardial perfusion (obtained with [13N]-ammonia) and metabolism (obtained with [18F]-deoxyglucose) Positron-emission tomography images of a patient with ischemic cardiomyopathy. The study demonstrates a perfusion-metabolic mismatch (reflecting hibernating myocardium) in which large areas of hypoperfused (solid arrows) but metabolically viable (open arrows) myocardium are involving the anterior, septal, and inferior walls and the left ventricular apex. See Web Figure 5-5 [image: image] for a dynamic image obtained with cardiac single-photon emission computed tomography imaging.


(Courtesy of Marcelo F. Di Carli, MD, Brigham and Women’s Hospital, Boston.)












CARDIAC CATHETERIZATION


Cardiac catheterization is an invasive technique in which fluid-filled catheters are introduced percutaneously into the arterial and venous circulation. This method allows for the direct measurement of intracardiac pressures and oxygen saturation and, with the injection of a contrast agent, visualization of the coronary arteries, cardiac chambers, and great vessels. Cardiac catheterization is generally indicated when a clinically suggested cardiac abnormality requires confirmation and its anatomic and physiologic importance needs to be quantified. In the current era, coronary angiography for the diagnosis of CAD is the most common indication for this test. Noninvasive testing, compared with catheterization, is safer, cheaper, and equally effective in the evaluation of most valvular and hemodynamic questions. Most often, catheterization will precede some type of beneficial intervention, such as coronary artery angioplasty, coronary bypass surgery, or valvular surgery. Although cardiac catheterization is generally safe (0.1% to 0.2% overall mortality rate), procedure-related complications such as vascular injury, renal failure, stroke, and MI can occur.


An important objective during the cardiac catheterization is to document the filling pressures within the heart and great vessels. This task is accomplished through use of fluid-filled catheters that transmit intracardiac pressures to a transducer that displays the pressure waveform on an oscilloscope. During a right ventricular heart catheterization, pressures within the right atrium, right ventricle, and pulmonary artery are routinely measured in this manner. The catheter can then be advanced further until it wedges in the distal pulmonary artery. The transmitted pressure measured in this location originates from the pulmonary venous system and is known as the pulmonary capillary wedge pressure. In the absence of pulmonary venous disease, the pulmonary capillary wedge pressure reflects left atrial pressure and, similarly, if no significant mitral valve pathologic condition exists, reflects left ventricular diastolic pressure. A more direct method of obtaining left ventricular filling pressures is to advance an arterial catheter into the left ventricular cavity. With these two methods of obtaining intracardiac pressures, each chamber of the heart can be assessed and the gradients across any of the valves determined (Fig. 5-15).





[image: image]

Figure 5-15 Electrocardiographic and left ventricular (LV) and aortic (AO) pressure curves in a patient with aortic stenosis. A pressure gradient occurs across the aortic valve during systole.




Cardiac output can be determined by one of two widely accepted methods: the Fick oxygen method and the indicator dilution technique. The basis of the Fick method is that total uptake or release of a substance by an organ is equal to the product of blood flow to that organ and the concentration difference of that substance between the arterial and venous circulation of that organ. If this method is applied to the lungs, the substance released into the blood is oxygen; if no intrapulmonary shunts exist, pulmonary blood flow is equal to systemic blood flow or cardiac output. Thus the cardiac output can be determined by the following equation:
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Oxygen consumption is measured in milliliters per minute by collecting the patient’s expired air over a known period while simultaneously measuring oxygen saturation in a sample of arterial and mixed venous blood (arterial and venous oxygen content, respectively, measured in milliliters per liter). The cardiac output is expressed in liters per minute and then corrected for body surface area (cardiac index). The normal range of cardiac index is 2.6 to 4.2 L/min/m2. Cardiac output can also be determined by the indicator dilution technique, which most commonly uses cold saline as the indicator. With this method, cold saline is injected into the blood, and the resulting temperature change downstream is monitored. This action generates a curve in which temperature change is plotted over time, and the area under the curve represents cardiac output.


Detection and localization of intracardiac shunts can be performed by sequential measurement of oxygen saturation in the venous system, right side of the heart, and two main pulmonary arteries. In patients with left-to-right shunt flow, an increase in the oxygen saturation, or step-up, will occur as one sample from the chamber where arterial blood is mixing with venous blood. By using the Fick method for calculating blood flow in the pulmonary and systemic systems, the shunt ratio can be calculated. Noninvasive approaches have large supplanted catheterization laboratory assessment of shunts.


Left ventricular size, wall motion, and ejection fraction can be accurately assessed by injecting contrast into the left ventricle (left ventriculography). Aortic and mitral valve insufficiency can be qualitatively assessed during angiography by observing the reflux of contrast medium into the left ventricle and left atrium, respectively. The degree of valvular stenosis can be determined by measuring pressure gradients across the valve and determining cardiac output (Gorlin formula).


The coronary anatomy can be defined by injecting contrast medium into the coronary tree. Atherosclerotic lesions appear as narrowing of the internal diameter (lumen) of the vessel. A hemodynamically important stenosis is defined as 70% or more narrowing of the luminal diameter. However, the hemodynamic significance of a lesion can be underestimated by coronary angiography, particularly in settings in which the atherosclerotic plaque is eccentric or elongated. Use of intravascular ultrasound, Doppler flow wires, or miniaturized pressure sensors can be used during invasive procedures to help evaluate the severity or estimate the physiologic significance of intermediate lesions.


Biopsy of the ventricular endomyocardium can be performed during cardiac catheterization. With this technique, a bioptome is introduced into the venous system through the right internal jugular vein and guided into the right ventricle by fluoroscopy. Small samples of the endocardium are then taken for histologic evaluation. The primary indication for endomyocardial biopsy is the diagnosis of rejection after cardiac transplantation and documentation of cardiac amyloidosis; however, endomyocardial biopsy may have some use in diagnosing specific etiologic agents responsible for myocarditis.









RIGHT VENTRICULAR HEART CATHETERIZATION


A right ventricular heart catheterization can be performed at the bedside with a balloon-tipped pulmonary artery (Swan-Ganz) catheter. This technique allows for serial measurements of right atrial, pulmonary artery, and pulmonary capillary wedge pressures as well as cardiac output by thermodilution (Fig. 5-16). Such measurements may be useful in monitoring the response to various treatments, such as diuretic therapy, inotropic agents, and vasopressors (Table 5-4). The pulmonary artery catheter is most useful in the critically ill patient for assessing volume status and differentiating cardiogenic from noncardiogenic pulmonary edema. Notably, however, several papers have suggested no improvements in outcomes of critically ill patients in whom pulmonary artery catheterization was performed. Improvements in noninvasive imaging techniques have made the pulmonary artery catheter much less important in diagnosing cardiac conditions, such as pericardial tamponade, constrictive pericarditis, right ventricular infarction, and ventricular septal defect.





[image: image]

Figure 5-16 Electrocardiographic (ECG) and Swan-Ganz flotation catheter recordings are shown in tracings A and C, respectively. The left portion of tracing C was obtained with the balloon inflated, yielding the pulmonary arterial wedge pressure. The right portion of tracing C was recorded with the balloon deflated, depicting the pulmonary arterial pressure. In this patient, the pulmonary arterial wedge pressure (left ventricular filling pressure) is normal, and the pulmonary artery pressure is elevated because of lung disease.






Table 5-4 Differential Diagnosis Using a Bedside Balloon Flow-Directed (Swan-Ganz) Catheter
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MAGNETIC RESONANCE IMAGING


Magnetic resonance angiography or imaging (MRI) is an increasingly used noninvasive method for studying the heart and vasculature, especially in patients who have contraindications to standard contrast angiography. MRI offers high-resolution dynamic and static images of the heart that can be obtained in any plane. Good-quality images can be obtained in a higher number of subjects than is typically possible with echocardiography. Obesity, claustrophobia, inability to perform multiple breath-holds of 10 to 20 seconds, and arrhythmias are all causes of reduced image quality. Currently, the presence of cardiac pacemakers or implantable defibrillators is considered a contraindication for MRI. Magnetic resonance angiography is useful in the evaluation of cerebral, renovascular, and lower extremity arterial disease. MRI offers significant advantages over other imaging techniques for the characterization of different tissues (e.g., muscle, fat, scar). MRI is useful in the evaluation of ischemic heart disease because stress-rest myocardial perfusion (Fig. 5-17A) and areas of prior infarction (see Fig. 5-17B to D) can be visualized with excellent special resolution. The presence of delayed gadolinium contrast enhancement within the myocardium is characteristic of scar or permanently damaged tissue (Web Fig. 5-6 [image: image]). The greater the transmural extent of delayed enhancement in a given segment, the lower is the likelihood of improved function in that segment after revascularization. Because of the better spatial resolution, delayed enhancement imaging can depict localized or subendocardial scars that are not detectable with nuclear imaging techniques. The combined use of stress-rest perfusion and delayed enhancement imaging has performance characteristics for diagnosing CAD that are at least as good as, and probably superior to, those of conventional stress tests using nuclear scintigraphy or echocardiography. MRI is excellent for evaluating a variety of cardiomyopathies (Fig. 5-18). In addition to morphology and function, characteristic patterns of delayed enhancement have been reported in myocarditis, hypertrophic cardiomyopathy, and cardiac amyloidosis. MRI has also been used to help assess right ventricular morphology and function in patients with suspected arrhythmogenic right ventricular cardiomyopathy.





[image: image]

Figure 5-17 Cardiac magnetic resonance imaging (MRI) showing use of cardiac MRI in evaluation of cardiomyopathies. A, Severe left ventricular hypertrophy in a patient with hypertrophic cardiomyopathy. Diastolic frame shows open mitral valve. B, Systolic frame showing systolic anterior motion of mitral valve with flow disturbance in left ventricular outflow tract. C, Patient with left ventricular noncompaction as evidenced by deep trabeculations in the left ventricular apex. D, Patient with ischemic cardiomyopathy who has transmural apical infarction and adjacent mural thrombus. See Web Figure 5-6 [image: image] for a dynamic cardiac MRI image.


(Images courtesy of Sheldon E. Litwin, MD, Division of Cardiology, University of Utah.)








[image: image]

Figure 5-18 Use of cardiac magnetic resonance imaging in the evaluation of chest pain or ischemic heart disease. A, First-pass perfusion study during vasodilator stress showing large septal perfusion defect. The hypoperfused area appears dark compared with the myocardium with normal perfusion. B, Example of delayed enhancement imaging with nearly transmural infarction of the mid-inferolateral wall, including the posterior papillary muscle. Infarcted myocardium appears white, whereas normal myocardium is black. C, Nontransmural (subendocardial) infarction of the septum and apex. D, Patient with acute myocarditis mimicking an acute coronary syndrome. Mid-myocardial, rather than subendocardial, delayed enhancement is characteristic of myocarditis.











COMPUTED TOMOGRAPHY OF THE HEART


New applications of computed tomography (CT) have greatly advanced our ability to diagnose cardiovascular disease noninvasively. The development of fast gantry rotation speeds and the addition of multiple rows of detectors (multidetector CT) has allowed unprecedented visualization of the great vessels, heart, and coronary arteries with images acquired during a single breath-hold (10 to 15 seconds). Until recently, CT has been used most frequently to diagnose aortic aneurysm and acute aortic dissection and pulmonary embolism. CT is also useful for defining congenital abnormalities and detecting pericardial thickening or calcification associated with constrictive pericarditis. More recently, ECG-gated dynamic CT images have been used to quantify ventricular size, function, and regional wall motion (Web Fig. 5-7 [image: image]), and in contrast to echocardiography, CT is not limited by the presence of lung disease or chest wall deformity. However, obesity and the presence of prosthetic materials (i.e., mechanical valves or pacing wires) may affect image quality.


The greatest excitement and controversy over cardiac CT relates to the evaluation of coronary atherosclerosis. Electron-beam and multidetector CT scans can be used to quickly and reliably visualize and quantitate the extent of coronary artery calcification (Fig. 5-19). The presence of coronary calcium is pathognomonic of atherosclerosis, and the extent of coronary calcium (usually reported as an Agatston score) is a powerful marker of future cardiac events. The coronary calcium score adds substantial, independent improvement in risk prediction to the commonly employed clinical risk scores (e.g., the Framingham risk score). Although the extent of coronary artery calcification does not reliably predict the severity of stenoses, the calcium score is a good marker of the overall atherosclerotic burden. Contrast-enhanced coronary computed tomographic angiography (CTA) has improved dramatically in recent years. Coronary CTA has been reported to have a sensitivity of more than 95% in diagnosing significant coronary artery obstruction. This is superior to the sensitivity of stress echo or nuclear myocardial perfusion scanning. Given the speed and accuracy of this test, it is likely to assume a major role in the evaluation of patients with acute chest pain syndromes. Some advocates of cardiac CT have proposed the use of this test for the triple rule-out in patients with acute chest pain—namely, the ability to diagnose pulmonary embolism, aortic dissection, and coronary artery disease with one imaging study. Formal evaluation of this hypothesis still needs to be undertaken. Detractors of cardiac CT most frequently cite the risks of radiation and contrast exposure as well as a lack of prospective studies showing improvement in outcome with this testing modality. Of note, the calculated radiation exposure of a cardiac CTA is about double that of a diagnostic invasive coronary angiogram, but is similar to that of a typical nuclear myocardial perfusion scan. As of this writing, the future role of cardiac CTA in routine clinical practice remains uncertain.





[image: image]

Figure 5-19 Computed tomographic coronary angiography compared with conventional radiographic contrast angiography. A and B, Volume-rendering technique demonstrating stenosis of the right coronary artery and normal left coronary artery. C and D, Maximal intensity projection of the same arteries demonstrating severe noncalcified plaque in the right coronary artery with superficial calcified plaque. E and F, Invasive angiography of the same arteries.


(From Raff GL, Gallagher MJ, O’Neill WW, et al: Diagnostic accuracy of noninvasive coronary angiography using 64-slice spiral computed tomography. J Am Coll Cardiol 46:552, 2005.)












NONINVASIVE VASCULAR TESTING


Assessment for the presence and severity of peripheral vascular disease is an important component of the cardiovascular evaluation. Comparison of the systolic blood pressure in the upper and lower extremities is one of the simplest tests to detect the presence of hemodynamically important arterial disease. Normally, the systolic pressure in the thigh is similar to that in the brachial artery. An ankle-to-brachial pressure ratio (ankle-brachial index) of less than or equal to 0.9 is abnormal. Patients with claudication usually have an index ranging from 0.5 to 0.8, and patients with rest pain have an index less than 0.5. In some patients, measuring the ankle-brachial index after treadmill exercise may be helpful in identifying the importance of borderline lesions. During normal exercise, blood flow increases to the upper and lower extremities and decreases in peripheral vascular resistance, whereas the ankle-brachial index remains unchanged. In the presence of a hemodynamically significant lesion, the increase in systolic blood pressure in the arm is not matched by an increase in blood pressure in the leg. As a result, the ankle-brachial index will decrease, the magnitude of which is proportional to the severity of the stenosis.


After significant vascular disease in the extremities has been identified, plethysmography can be used to determine the location and severity of the disease. With this method, a pneumatic cuff is positioned on the leg or thigh and, when inflated, temporarily obstructs venous return. Volume changes in the limb segment below the cuff are converted to a pressure waveform, which can then be analyzed. The degree of amplitude reduction in the pressure waveform corresponds to the severity of arterial disease at that level.


Doppler ultrasound uses reflected sound waves to identify and localize stenotic lesions in the peripheral arteries. This test is particularly useful in patients with severely calcified arteries, in whom pneumatic compression is not possible and ankle-brachial indices are inaccurate. In combination with real-time imaging (duplex imaging), this technique is useful in assessing specific arterial segments and bypass grafts for stenotic or occlusive lesions.


Both magnetic resonance angiography and CTA allow high-quality and comprehensive imaging of the entire peripheral arterial circulation in a single study. The three-dimensional nature of these studies and their ability to perform extensive postprocessing views (including cross-sectional views) of any vessel, even those that are very tortuous, are attractive features of these modalities.





Prospectus for the Future


Multidisciplinary teams consisting of cardiologists, cardiac surgeons, vascular surgeons, and radiologists will replace existing and traditional approaches for the evaluation and management of patients with cardiac disease. Such collaboration will foster efficiency and rapid advances for improvements in patient care, education, and research within a seamless, integrated environment. Career opportunities within organizations with the supporting infrastructure for cardiac imaging will likely realize the promise for patient-oriented, team-based cardiovascular medicine. Tissue enhancement using MRI of either the atria or ventricles will assist practitioners with classification and forecasting of outcomes after interventions such as ablation for atrial fibrillation.
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Chapter 6 Heart Failure and Cardiomyopathy




Sheldon E. Litwin, Ivor J. Benjamin





The syndrome of heart failure occurs when an abnormality of cardiac function results in failure to provide adequate blood flow to meet the metabolic needs of the body’s tissues and organs or in an excessive rise in cardiac filling pressures. In most cases, myocardial dysfunction causes impaired ventricular filling, as well as emptying. Heart failure can result from a large number of heterogeneous disorders (Table 6-1). Idiopathic cardiomyopathy is defined as a primary abnormality of myocardial tissue in the absence of coronary occlusive, valvular, or systemic disease. However, in the clinical setting, the term cardiomyopathy is often used to refer to myocardial dysfunction that is the result of a known genetic, cardiac, or systemic disease. These secondary cardiomyopathies may be related to a significant number of disorders, but in the United States, they are most often the result of ischemic heart disease. Ventricular dysfunction can also result from excessive pressure overload, such as with long-standing hypertension or aortic stenosis, or volume overload, such as aortic insufficiency or mitral regurgitation. Diseases that result in infiltration and replacement of normal myocardial tissue, such as amyloidosis, are rare causes of heart failure. Hemochromatosis can cause a dilated cardiomyopathy that is believed to result from iron-mediated mitochondrial damage. Diseases of the pericardium, such as chronic pericarditis or pericardial tamponade, can impair cardiac function without directly affecting the myocardial tissue. Long-standing tachyarrhythmias have been associated with myocardial dysfunction that is often reversible. In addition, an individual with underlying myocardial or valvular disease may develop heart failure with the acute onset of an arrhythmia. Finally, multiple metabolic abnormalities (e.g., thiamine deficiency, thyrotoxicosis), drugs (e.g., alcohol, doxorubicin), and toxic chemicals (e.g., lead, cobalt) can damage the myocardium.


Table 6-1 Causes of Congestive Heart Failure and Cardiomyopathy






	Coronary Artery Disease






	


Acute ischemia



Myocardial infarction



Ischemic cardiomyopathy with hibernating myocardium









	Idiopathic






	


Idiopathic dilated cardiomyopathy*




Idiopathic restrictive cardiomyopathy



Peripartum









	Pressure Overload






	


Hypertension



Aortic stenosis









	Volume Overload






	


Mitral regurgitation



Aortic insufficiency



Anemia



Atrioventricular fistula









	Toxins






	


Ethanol



Cocaine



Doxorubicin (Adriamycin)



Methamphetamine









	Metabolic-Endocrine






	


Thiamine deficiency



Diabetes



Hemochromatosis



Thyrotoxicosis



Obesity



Hemochromatosis









	Infiltrative






	Amyloidosis






	Inflammatory






	Viral myocarditis






	Hereditary






	


Hypertrophic



Dilated










* Genetic bases for these cardiomyopathies have been identified in a large number of individual patients and families. Most of the mutations have been found in cardiac contractile or structural proteins.






Forms of Heart Failure


Heart failure can be classified as predominantly left or right sided, high output or low output, and acute or chronic. High-output failure is an uncommon disorder that can occur with severe anemia, vascular shunting, or thyrotoxicosis. This failure results when the heart is unable to meet the abnormally elevated metabolic demands of the peripheral tissues even though cardiac output is elevated. Fluid retention is a common component of this syndrome. Low-output failure is much more common than high-output failure and is characterized by insufficient forward output, particularly during times of increased metabolic demand. Cardiac dysfunction may predominantly affect the left ventricle, as with a large myocardial infarction, or the right ventricle, as with an acute pulmonary embolus; however, in many disease states, both ventricles will be impaired (biventricular heart failure). Acute heart failure usually refers to the situation in which an individual who was previously asymptomatic develops heart failure signs or symptoms following an acute injury to the heart, such as myocardial infarction, myocarditis, or rupture of a heart valve. Chronic heart failure refers to the situation in which an individual whose symptoms have developed over a long period, most often when preexisting cardiac disease is present. However, a patient with myocardial dysfunction from any cause may be well compensated for long periods and then develop acute heart failure symptoms in the setting of arrhythmia, anemia, hypertension, ischemia or infection.


The severity of heart failure symptoms does not correlate closely with the usual clinical measures of cardiac function (i.e., left ventricular ejection fraction [LVEF]), although the LVEF is a good prognostic marker. This situation likely reflects the fact that ventricular filling pressures are a more important determinant of symptoms than myocardial function per se. Heart failure may occur in the setting of a reduced or preserved ejection fraction (EF). Recent data suggest that when sensitive methods for assessing myocardial function (i.e., tissue velocity or strain rate imaging) are used, changes are usually detected in both systolic and diastolic function in patients with heart failure (even when the EF is normal or near normal). Importantly, the predisposing conditions for heart failure (e.g., hypertension, advanced age, coronary artery disease, renal dysfunction) are similar, the prognosis is similar irrespective of whether the LVEF is preserved or reduced. Despite many similarities, medical treatments that have been proved beneficial in heart failure with reduced EF have not shown similar efficacy in heart failure with preserved ejection fraction.






ACUTE PULMONARY EDEMA


In patients with the acute onset of pulmonary edema, initial management should be directed at improving oxygenation and providing hemodynamic stability. These patients commonly have marked elevation of blood pressure, cardiac ischemia, and worsening mitral regurgitation as contributing factors to the pulmonary edema. Standard therapy includes supplemental oxygen and an intravenous loop diuretic. Sublingual or intravenous nitroglycerin helps reduce preload through venodilation and may provide symptomatic relief in patients with ischemic and nonischemic ventricular dysfunction. Intravenous morphine acts in a similar manner but must be used with caution, given its depressive effects on respiratory drive. In patients with hypertensive urgency, severe hypertension, or congestive heart failure related to aortic or mitral regurgitation, an arterial vasodilator, such as nitroprusside, may be helpful in reducing afterload.


Evaluation of the patient’s response to treatment requires frequent assessments of blood pressure, heart rate, end-organ perfusion, and oxygen saturation. In patients with persistent hypoxia or respiratory acidosis, mechanical ventilation or external ventilatory support may be necessary. Pulmonary artery catheterization may be helpful in documenting filling pressures, cardiac output, and peripheral vascular resistance and in monitoring the response to therapy, although invasive monitoring has not been associated with improved patient outcomes. In patients with refractory pulmonary edema or systemic hypotension, an inotropic agent, an intra-aortic balloon pump, or a ventricular assist device may be necessary.









HEART FAILURE WITH PRESERVED EJECTION FRACTION


Slowed relaxation of the left ventricle and increased chamber stiffness impair ventricular filling and may contribute to elevated left ventricular, left atrial, and pulmonary venous pressures. Diastolic filling abnormalities contribute to heart failure symptoms in most patients with reduced left ventricular function. However, some patients with a diagnosis of heart failure have normal or nearly normal EF. These patients have been commonly labeled as having diastolic heart failure. As described earlier in this chapter, newer imaging techniques have revealed that most of these patients also have a component of systolic dysfunction as well. Thus, the term heart failure with preserved EF is now the preferred terminology to describe this condition.


Relaxation abnormalities are present in most people older than 65 years and are almost universal after age 75 years; however, most of these individuals do not have heart failure. Thus, isolated abnormalities of left ventricular relaxation are apparently not sufficient to directly cause heart failure in the absence of other predisposing conditions.


In patients with a variety of cardiovascular diseases, relaxation abnormalities appear at earlier ages than would otherwise be expected. As of this writing, no therapeutic agents that specifically target impaired relaxation have been developed. β–Receptor agonists (dobutamine) and phosphodiesterase inhibitors (milrinone) have potent lusitropic effects (improve relaxation); however, they also directly increase contractility and enhance myocyte calcium cycling. Chronic β-blocker therapy is associated with parallel improvements in systolic and diastolic function, even though both of these may actually deteriorate during the early phases of treatment. Although calcium channel blockers have been proposed as therapy for diastolic abnormalities, little evidence supports their use for this purpose. Moreover, calcium entry into cardiac myocytes through L-type calcium channels occurs almost exclusively during systole; thus, the theoretical basis for their use is also not firm. In general, all therapies that result in improved systolic function also tend to improve diastolic function, or at least diastolic filling pressures. The use of diuretics to control volume overload and the vigorous treatment of hypertension are the mainstay of therapy for this condition.









RESYNCHRONIZATION THERAPY


Interventricular conduction delays, demonstrated as a prolonged QRS duration, are a common complication in patients with heart failure and have been associated with reduced exercise capacity and a poor long-term prognosis. Biventricular pacing or resynchronization therapy results in more normal ventricular contraction and has been associated with an improvement in cardiac output and LVEF. Biventricular pacing may have a beneficial effect on left ventricular remodeling by reducing left ventricular volume, left ventricular mass, and severity of mitral regurgitation. Clinically, these hemodynamic and structural changes have translated into an improvement in exercise duration, functional capacity, and quality of life. Biventricular pacing has also been shown to reduce mortality. Unfortunately, up to 30% of patients undergoing biventricular pacemaker placements do not respond favorably to the treatment. At present, this therapy is generally reserved for patients with severe heart failure and a widened QRS complex who remain symptomatic despite optimal pharmacologic therapy. Intense research efforts are underway to identify with increased accuracy the patients who are likely to derive the greatest benefit. Efforts are currently focused on the quantification of mechanical asynchrony using newer imaging techniques including tissue Doppler imaging and strain imaging (echocardiography or magnetic resonance imaging), wall thickening analysis by computed tomography, and phase imaging with nuclear scintigraphy. Resynchronization therapy is indicated for ambulatory patients with sinus rhythm and class III or IV symptoms. This therapy has not been well studied in patients with atrial fibrillation. Because of the significant expense of this treatment, it is not currently recommended for patients with short life expectancy, including those with refractory, decompensated heart failure.












Adaptive Mechanisms in Heart Failure


A large number of compensatory changes occur in the cardiovascular and renal systems to maintain adequate blood flow to the vital organs of the body in the setting of myocardial dysfunction. These changes include increases in left ventricular volume and pressure through the Frank-Starling mechanism, ventricular remodeling, and neurohormonal activation.


In the normal heart, increasing the stroke volume or heart rate can augment cardiac output. Stroke volume is dependent on the contractile state of the myocardium, left ventricular filling (preload), and resistance to left ventricular emptying (afterload). According to the Frank-Starling law (Fig. 6-1), stroke volume can be increased with minimal elevation in left ventricular pressure as long as contractility is normal and outflow is not impeded. In the failing heart with depressed intrinsic contractility (Fig. 6-2, curve A), larger increases in filling pressures are required to produce similar increases in stroke volume. When left ventricular diastolic pressure approaches 20 to 25 mm Hg, the hydrostatic pressure in the pulmonary capillaries exceeds the oncotic pressure, and pulmonary edema may ensue. Both depressed myocardial contractility and increased chamber stiffness can lead to pulmonary congestion through similar mechanisms.





[image: image]

Figure 6-1 Schematic diagram illustrating the progressive nature of left ventricular dysfunction that can follow an initial cardiac insult. Attenuation of the neurohumoral activation (or blockade of the downstream effects) may interrupt the positive feedback and slow or reverse the progression of heart failure. HTN, hypertension; RAS, renin-angiotensin system; SNS, sympathetic nervous system.
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Figure 6-2 Normal and abnormal ventricular function curves. When the left ventricular end-diastolic pressure acutely rises above 20 mm Hg (A), pulmonary edema often occurs. The effect of diuresis or venodilation is to move leftward along the same curve, with a resultant improvement in pulmonary congestion and with minimal decrease in cardiac output. The stroke volume is poor at any point along this depressed contractility curve; thus, therapeutic maneuvers that would raise it more toward the normal curve would be necessary to improve cardiac output significantly. Unlike the effect of diuretics, the effect of digitalis or arterial vasodilator therapy in a patient with heart failure is to move the patient into another ventricular function curve intermediately between the normal and depressed curves. When the patient’s ventricular function moves from A to B by the administration of one of these agents, the left ventricular end-diastolic pressure may also decrease because of improved cardiac function; further administration of diuretics or venodilators may shift the patient further to the left along the same curve from B to C and eliminate the risk for pulmonary edema. A vasodilating agent that has both arteriolar and venous dilating properties (e.g., nitroprusside) would shift this patient directly from A to C. If this agent shifts the patient from A to D because of excessive venodilation or administration of diuretics, then the cardiac output may fall too low, even though the left ventricular end-diastolic pressure would be normal (10 mm Hg) for a normal heart. Thus, left ventricular end-diastolic pressures between 15 and 18 mm Hg are usually optimal in the failing heart to maximize cardiac output but avoid pulmonary edema.




The failing heart may also undergo changes in left ventricular size, shape, and mass to maintain adequate forward flow. This process is known as remodeling and occurs in response to myocyte loss, such as after a myocardial infarction, or to hemodynamic overload, such as aortic or mitral valve insufficiency. The initial response to increased cardiac stress or load is usually hypertrophy of the viable myocytes. If the increase occurs mainly in cell length, then ventricular dilation is the predominant form of remodeling (usually seen in volume overload or myocardial infarction). The eccentric pattern of remodeling helps maintain cardiac output but occurs at the expense of increased ventricular wall stress. If the myocytes predominantly increase in width (as in the setting of pressure overload), the heart will tend to thicken with maintenance of cavity volume. This form of remodeling, usually referred to as concentric hypertrophy, will tend to reduce wall stress but may do so at the expense of increased filling pressures. If the extent of hypertrophy is inadequate to normalize wall stress, a vicious cycle is established. Overstretching of the myocytes can lead to an increase in myocyte death, ventricular dilation, development of a spherical left ventricular cavity, and further elevation in wall stress.


The mechanical changes are triggered, in part, by activation of several neurohormonal systems. The renin-angiotensin-aldosterone system helps maintain cardiac output through expansion of intravascular volume by promoting retention of sodium and water. Stimulating arterial vasoconstriction through the actions of angiotensin II enhances tissue perfusion. In addition, release of vasopressin will promote free water absorption by the kidney. The sympathetic nervous system helps maintain tissue perfusion by increasing arterial tone as well as increasing heart rate and ventricular contractility.


Although adaptive in the short term, activation of these systems is associated with several deleterious effects, including elevation in ventricular filling pressures, depression of stroke volume secondary to an increase in peripheral vascular resistance, and stimulation of myocardial hypertrophy and left ventricular remodeling. These maladaptive changes are ultimately responsible for many of the signs and symptoms associated with congestive heart failure and provide the rationale for treatment.


Countering these effects, and in response to the increase in ventricular filling pressures, the myocardial cells secrete atrial natriuretic peptide and brain natriuretic peptide (BNP). The plasma concentration of both of these hormones has been shown to increase in patients with heart failure. The measurement of serum BNP or its precursors has proved to be clinically useful in the diagnosis of heart failure. Although endogenous natriuretic peptides promote salt and water excretion by the kidneys and result in arterial vasodilation, they are relatively ineffective at reversing the maladaptive changes associated with the powerful renin-angiotensin and sympathetic nervous systems.









Evaluation of Patients with Heart Failure


The history and physical examination are integral parts of the diagnosis of heart failure and the determination of its underlying or precipitating cause. One of the cardinal manifestations of left ventricular heart failure is dyspnea, which is related to elevation in pulmonary venous pressure. In patients with chronic heart failure, shortness of breath initially occurs only with exertion but may progress to occur at rest. Cardiac dyspnea is often worsened by the recumbent position (orthopnea) when increased venous return further elevates pulmonary venous pressure. Paroxysmal nocturnal dyspnea occurs after several hours of sleep and is probably caused by central redistribution of edema. If cardiac output is low but left ventricular filling pressures are normal, the patient may complain primarily of fatigue resulting from diminished blood flow to the exercising muscles. In some instances, heart failure is slow to progress, and the patient may unknowingly restrict his or her activities. Thus, the history should include an assessment not only of the patient’s symptoms but also of his or her level of activity (functional capacity; Table 6-2). Many patients complain of peripheral edema, usually involving the lower extremities. The edema commonly worsens during the day and decreases overnight with elevation of the legs. In patients with severe, long-standing heart failure, the edema can involve the thighs and abdomen, and ascites may develop. Importantly, peripheral edema often does not have a cardiac cause.


Table 6-2 New York Heart Association Functional Classification for Heart Failure






	Class

	Patient Symptoms






	I (Mild)

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






	II (Mild)

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






	III (Moderate)

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






	IV (Severe)

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







From the Heart Failure Society of America © 2002 HFSA, Inc. Available at: http://www.abouthf.org/questions_stages.htm.


Many of the physical findings of heart failure are related to the neurohormonal changes that help compensate for the reduced cardiac output. An increased heart rate may be present as a result of increased sympathetic tone. The pulse pressure may be narrowed secondary to peripheral vasoconstriction and low stroke volume. If left ventricular filling pressures are elevated, then crackles may be heard on auscultation of the lung fields. Elevation in right-sided filling pressures will result in distended neck veins. If the liver is also congested, firm pressure applied to the right upper quadrant will cause the jugular veins to become further engorged (hepatojugular reflux). Palpation of the precordium may reveal left ventricular enlargement. An early-diastolic third heart sound (S3) or gallop suggests elevated atrial pressure and increased ventricular chamber stiffness. The sound results from rapid deceleration of the passive component of blood flow from the atrium into the noncompliant ventricle. An S3 can be generated from the left or right ventricle. A fourth heart sound (S4) suggests an increased atrial contribution to left ventricular filling but is not specific for heart failure. The murmurs of both mitral and tricuspid regurgitation are common in patients with congestive heart failure and may become accentuated during an acute decompensation. As stated earlier, peripheral edema is a common finding on physical examination and may be related to elevation in venous pressure or increased sodium and water retention. In bedridden patients, the edema may predominantly be in the presacral region.


The electrocardiogram in patients with congestive heart failure is not specific, but it may provide insight into the cause of the cardiac dysfunction, such as prior myocardial infarction, left ventricular hypertrophy, or significant arrhythmias. The chest radiograph may show chamber enlargement and signs of pulmonary congestion (Fig. 6-3). Treatment of heart failure will result in improvement of the vascular congestion on the chest radiograph, but these changes may lag 24 to 48 hours behind clinical improvement. Certain blood chemistries may be altered in the patient with heart failure. The serum sodium concentration may be low, owing to increased water retention with activation of the renin-angiotensin system. The use of potent diuretics is almost always partially responsible for the hyponatremia. Renal function may be impaired secondary to intrinsic kidney disease or reduced perfusion secondary to renal artery vasoconstriction and low cardiac output. Hepatic congestion is common with right ventricular heart failure and may result in elevated liver enzyme levels.





[image: image]

Figure 6-3 A, Posteroanterior chest radiograph showing cardiomegaly. B, Lateral chest radiograph showing pulmonary vascular congestion typical of pulmonary edema.




Because many of the signs and symptoms of heart failure may also occur with pulmonary disease, differentiating between these two disease processes may be difficult. Initial therapy will often be directed at both potential pulmonary and cardiac causes until further testing can be performed. Echocardiography is arguably the central means for diagnostic testing in patients with suspected heart failure. This test is fast, safe, and portable and allows for noninvasive assessments of chamber sizes, systolic function, valvular function, both right and left ventricular filling pressures, and quantification of stroke volume or cardiac output. Documentation of heart size, wall thickness, and ventricular function will have important therapeutic implications in most patients (Fig. 6-4). Rapid measurement of the plasma concentration of BNP provides objective and complementary data to aid in the diagnosis of heart failure in the patient with dyspnea. Clinical studies have shown that plasma levels of BNP are elevated in patients with symptomatic left or right ventricular dysfunction but are usually normal in patients with dyspnea secondary to noncardiac causes. Unfortunately, a relatively large indeterminate range exists in which the test is not helpful. Advanced age and renal dysfunction also reduce the utility of the test, particularly if the BNP concentration is mildly elevated.





[image: image]

Figure 6-4 Echocardiographic examples of hypertrophic cardiomyopathy seen in long axis (A) and short axis (B) views. Note normal size of left ventricular (LV) cavity and marked thickening of interventricular septum (S) compared with posterior wall (P). In contrast, similar views in a patient with dilated cardiomyopathy (C and D) reveal a markedly enlarged left ventricular cavity with diffuse wall thinning.




An important point to note is that pulmonary edema may also be secondary to noncardiac causes, such as sepsis, certain pulmonary infections, drug toxicity, or neurologic injury. This syndrome, termed adult respiratory distress syndrome, can be differentiated from cardiogenic pulmonary edema by the presence of a low or normal pulmonary capillary wedge pressure. The wedge pressure can be estimated noninvasively using left ventricular filling velocities and mitral annular velocities assessed by conventional and tissue Doppler techniques. Peripheral edema may also occur in disease states other than congestive heart failure. Renal disease, especially nephrotic syndrome, cirrhosis, and severe venous stasis disease, may be associated with peripheral edema.









Treatment


Treatment of congestive heart failure should be directed not only at relieving the patient’s symptoms but also at treating the underlying or precipitating causes (Table 6-3) and preventing progression. Patients should be educated about the importance of compliance with medical therapy as well as dietary salt and fluid restriction. Rhythm disturbances, such as atrial fibrillation, may precipitate congestive heart failure and may require specific therapy. Treatment of active coronary artery disease, hypertension, or valvular disease may relieve heart failure symptoms. In addition, correction of concomitant medical problems may help stabilize heart function.


Table 6-3 Precipitants of Heart Failure






	


Dietary (sodium and fluid) indiscretion



Noncompliance with medications



Development of cardiac arrhythmia



Anemia



Uncontrolled hypertension



Superimposed medical illness (pneumonia, renal dysfunction)



New cardiac abnormality (acute ischemia, acute valvular insufficiency)














NONPHARMACOLOGIC TREATMENT


All patients with heart failure should be instructed to restrict sodium intake to about 2 g/day. Fluid intake should also be limited to avoid hyponatremia. Weight reduction in the obese patient helps reduce the workload of the failing heart. Although a growing body of data suggests that a higher body mass index may paradoxically have protective effects in patients with heart failure, each condition is an independent risk factor for increased morbidity and mortality of cardiac disease. A supervised exercise cardiac rehabilitation program can help reduce heart failure symptoms and improve functional capacity in select patients. Although briefly popular, external enhanced counterpulsation (EECP) has fallen out of favor.









PHARMACOLOGIC TREATMENT






Diuretics


Salt and water retention is common in congestive heart failure secondary to activation of the renin-angiotensin-aldosterone system. Diuretics help promote renal excretion of sodium and water and provide rapid relief of pulmonary congestion and peripheral edema. Loop diuretics, such as furosemide, are the preferred agents in the treatment of symptomatic heart failure. In patients who are refractory to high doses of these agents, diuretics that block sodium absorption at different sites within the nephron may be beneficial (i.e., thiazide-type diuretics). Diuretic therapy is currently considered a mainstay in the treatment of patients with heart failure and preserved EF who have elevated left ventricular filling pressures or peripheral edema. Spironolactone is an aldosterone antagonist with weak diuretic effects that has been shown to reduce hospitalizations for heart failure and cardiac mortality in patients with reduced LVEF and New York Heart Association class III or IV symptoms of heart failure.


Notably, diuretic therapy will lower intracardiac filling pressures and thus cardiac output through the Frank-Starling mechanism. In most patients, this change is well tolerated. However, in some patients, the reduced cardiac output will result in decreased renal perfusion and a rise in the blood urea nitrogen and creatinine levels.









Vasodilators


A large number of vasodilators have been shown to reverse the peripheral vasoconstriction that occurs in congestive heart failure. The most important group of vasodilator agents is the angiotensin-converting enzyme (ACE) inhibitors. These agents help relieve heart failure symptoms, in part, by blocking production of angiotensin II and reducing afterload. In addition, ACE inhibitors have been shown to reduce mortality in patients with both symptomatic and asymptomatic left ventricular dysfunction. The major side effects of ACE inhibitors include hypotension, hyperkalemia, and azotemia. Cough may occur in about 10% of patients and is related to increased bradykinin levels associated with ACE inhibitor use.


Hydralazine in combination with oral nitrates has also been shown to reduce mortality in patients with symptomatic congestive heart failure, although not to the degree of ACE inhibitors. This combination provides an alternative to the patient who is ACE inhibitor intolerant or may require additional therapy for blood pressure control. In addition, recent prospective studies reveal that the combination of hydralazine and nitrates was more beneficial than ACE inhibitors in the African American population.


A newer class of agents, the angiotensin II receptor antagonists, prevents the binding of angiotensin II to its receptor. This action has the theoretical advantage of blocking the effects of angiotensin II produced in the bloodstream as well as at the tissue level. In addition, the angiotensin II receptor blockers do not interfere with bradykinin metabolism and therefore are not associated with cough. Several studies comparing ACE inhibitors to angiotensin II blockers suggest that these two classes of agents are equally effective in reducing morbidity and mortality in patients with heart failure. The current guidelines for the management of chronic heart failure, however, recommend that angiotensin II receptor blockers be reserved for patients who are intolerant of ACE inhibitors. ACE inhibitors and angiotensin II receptor blocking agents have both been studied in large randomized trials of patients with heart failure and preserved EF, and they have been found to be ineffective in this large patient group.


The negative inotropic effects of the calcium channel blockers and their activation of the sympathetic nervous system make these agents less attractive in the treatment of patients with congestive heart failure. In particular, several studies have shown worsening of heart failure symptoms in patients treated with nifedipine. Other calcium channel blockers, such as diltiazem, have been shown to relieve symptoms and increase functional capacity without a deleterious effect on survival in patients with idiopathic dilated cardiomyopathy. Amlodipine has been studied in patients with both ischemic and nonischemic cardiomyopathy and also has not been associated with an increased cardiac morbidity and mortality. In addition, patients with nonischemic cardiomyopathy treated with amlodipine may have a modest survival benefit. Further studies with these agents are necessary before general recommendations regarding their use in patients with heart failure can be made.









Inotropic Agents


Inotropic agents help relieve heart failure symptoms by increasing ventricular contractility. The oldest and most commonly used agent in this class is digoxin, which has been associated with symptomatic improvement in heart failure in patients with systolic dysfunction. However, a recent trial found no significant improvement in survival among patients randomized to digoxin compared with patients treated with placebo. A small reduction in hospitalizations and in death secondary to heart failure was observed, but this was counterbalanced by a slight increase in death secondary to arrhythmias. In general, digoxin therapy should be considered in the patient with left ventricular systolic dysfunction who remains symptomatic after treatment with an ACE inhibitor and a diuretic. No evidence has been found that digoxin should be administered to the patient with asymptomatic left ventricular dysfunction. In addition, digoxin may be harmful in patients with infiltrative cardiomyopathies, such as amyloidosis. Digoxin toxicity results in gastrointestinal, neurologic, and generalized systemic side effects as well as causing a number of tachyarrhythmias and bradyarrhythmias.


Several other classes of oral inotropic agents have been evaluated for treatment of congestive heart failure, such as flosequinan, milrinone, vesnarinone, and xamoterol. All these agents have been associated with increased mortality with long-term use. More recently, promising data have emerged involving the calcium-sensitizing agent levosimendan. This class of agents has the theoretical advantage of not increasing calcium fluxes into the myocyte; therefore, these agents should be less arrhythmogenic and have a more favorable energetic effect.









β Blockers


As previously discussed, many of the symptoms associated with heart failure are related to activation of several neurohormonal systems, including the sympathetic nervous system. Release of catecholamines may initially help maintain blood pressure and cardiac output but, in the long term, may induce further myocardial injury. To date, long-term use of three different β blockers—metoprolol, bisoprolol, and carvedilol—has been shown in clinical trials to improve LVEF and survival in patients with symptomatic left ventricular dysfunction. Of these agents, carvedilol is unique in that it is also an antioxidant and an α blocker, additional properties that may be beneficial in patients with heart failure. Data from clinical trials comparing the efficacy of metoprolol to carvedilol in patients with heart failure have recently been reported. These data suggest superior effects of carvedilol; however, controversy about the experimental design has limited widespread adoption of a single agent. Therapy with one of the aforementioned β blockers should be strongly considered in all patients who have been stabilized on an ACE inhibitor, digoxin, and a diuretic but remain symptomatic (New York Heart Association classes II to IV). β blockers also appear to be effective in patients who are not taking ACE inhibitors. β-blocker therapy is generally withheld from patients with acutely decompensated heart failure or significant volume overload. Gradual up-titration of the dose improves the ability to tolerate these drugs, which are intrinsically negatively inotropic.









Anticoagulation


Thrombosis and thromboemboli occur in patients with left ventricular remodeling and congestive heart failure secondary to stasis of blood, intracardiac thrombi, and atrial arrhythmias. Although long-term warfarin therapy remains controversial, certain patients may benefit from its use, including patients with chronic atrial fibrillation or flutter, patients with definite mural thrombi noted by echocardiography or ventriculography, and patients in sinus rhythm with LVEF less than 20%. In the general heart failure population, prevention of thromboembolism is roughly balanced by increased bleeding risks. Thus, the routine use of anticoagulation is only recommended in heart failure patients with atrial fibrillation, prior arterial embolic events, or mechanical heart valves and in patients who have had an anterior myocardial infarction in the past 3 months.















Refractory Heart Failure


Despite adequate medical therapy, many patients with congestive heart failure fail to have significant reduction in their symptoms. In these instances, therapy with intravenous inotropic agents for 24 to 96 hours, sometimes with hemodynamic monitoring (Swan-Ganz catheter), may be necessary to stabilize the patient. One commonly used agent is dobutamine, which enhances contractility of the heart and reduces peripheral vasoconstriction through stimulation of β2 receptors. Milrinone is an intravenous phosphodiesterase inhibitor that has similar effects on contractility and afterload. Administration of these agents often promotes diuresis, especially when given concomitantly with intravenous loop diuretics. In patients with markedly elevated systemic vascular resistance, the use of intravenous vasodilators, such as sodium nitroprusside, can significantly reduce afterload and improve cardiac output. A newly available agent, nesiritide, is a recombinant form of human BNP that has been shown to reduce systemic and pulmonary vascular resistance, increase cardiac output, and promote diuresis comparable to standard inotropic agents and vasodilators. Although nesiritide is less likely to provoke serious dysrhythmias compared with dobutamine, recent data have questioned the safety profile and efficacy of nesiritide. Until further studies document safety, nesiritide is not a first-line agent.


If the previously mentioned measures fail to produce a satisfactory diuretic response, dopamine given in doses ranging from 2 to 5 mcg/kg per minute may facilitate sodium and water excretion by stimulating renal dopaminergic receptors. If heart failure is accompanied by hypotension, higher doses of dopamine may be necessary. With doses higher than 5 mcg/kg per minute, dopamine can increase heart rate and peripheral vascular resistance through stimulation of β1 and α receptors. Although this dose range of dopamine may help stabilize blood pressure, the increase in afterload may have further deleterious effects on the failing heart. In addition, dopamine may provoke arrhythmias that may lead to further hemodynamic instability. If hypotension persists despite dopamine doses greater than 15 mcg/kg per minute, mechanical assist devices, such as the intra-aortic balloon pump, should be considered as a means to stabilize the patient.


In patients who cannot be weaned from pharmacologic or mechanical support and in ambulatory patients with severe functional impairment refractory to medical therapy, cardiac transplantation should be considered a means to improve symptoms and prolong survival (see Chapter 12). Currently, the use of cardiac resynchronization therapy is not a routine consideration in this group of patients who have markedly reduced long-term survival.









Cardiovascular Assist Devices


The most commonly used mechanical support device is the intra-aortic balloon pump. This device can be inserted percutaneously through the femoral artery and advanced into the descending thoracic aorta. Inflation of the balloon occurs during diastole such that perfusion pressure in the proximal aorta and coronary arteries is enhanced. Deflation, which occurs just before the onset of systole, greatly reduces aortic impedance and thus significantly reduces afterload. This device is particularly useful in stabilizing patients with severe coronary disease before percutaneous or after surgical revascularization. In addition, this device may provide hemodynamic support in patients with severe mitral regurgitation or acquired ventricular septal defect before surgical repair. In patients with refractory congestive heart failure, the intra-aortic balloon pump may serve as a temporizing measure until cardiac transplantation can be performed.


In addition to the intra-aortic balloon pump, several ventricular assist devices are available that provide hemodynamic support. These devices can be placed percutaneously but most commonly are implanted through a sternotomy incision. They can be used to support either ventricle. Blood is collected from the right atrium, left atrium, or the left ventricular apex into an extracorporeal reservoir and then actively pumped back into the pulmonary or systemic circulation by the assist device. These units were initially intended to provide hemodynamic support for several days to weeks (most often a bridge to transplantation in the patient who is critically ill). Because of the success with these devices and the limited availability of donor hearts, assist devices are now being implanted as destination therapy. The pump is placed within the peritoneum, and portable battery packs allow the patient to ambulate. Newer left ventricular assist devices, as well as total artificial hearts, are undergoing clinical investigation as permanent cardiac replacement therapy.





Prospectus for the Future






External Containment Devices


In patients with left ventricular dysfunction, cardiac remodeling characterized by progressive ventricular chamber dilation and wall thinning can lead to elevation in wall stress and activation of neurohormonal mechanisms that further impair myocardial function. Experimental devices that passively contain the heart have been shown, in animal models, to reduce ventricular cavity size and improve myocardial responsiveness to β-adrenergic stimulation without impairing left ventricular filling or interfering with coronary blood flow. Randomized trials evaluating the efficacy of these devices in patients with end-stage cardiomyopathy are underway.









Mitral Valve Repair


Mitral regurgitation contributes to the progression of heart failure in a large number of patients. However, most patients with severe heart failure are deemed poor surgical candidates. Several new and exciting percutaneous approaches to mitral and aortic valve repair are being explored as ways to treat some of these patients.









Cell-Based Therapies


Permanent loss of myocytes is the final common pathway in most forms of heart failure. Presently, some experimental data support the notion that implantation of cells into the failing heart might effectively regenerate new cardiac muscle. Skeletal myoblasts, bone marrow–derived progenitor cells, and embryonic stem cells are all undergoing testing in both animals and humans. Although many types of transplanted cells are able to contract, ineffective formation of gap junctions and hence ineffective electrical continuity between the transplanted cells and the existing myocardial syncytium continue to be obstacles.
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Chapter 7 Congenital Heart Disease




Kevin J. Whitehead





About 0.8% of all live births are complicated by congenital cardiac abnormalities, not including infants with bicuspid aortic valve and mitral valve prolapse (see Chapter 8), which are more prevalent (2% and 2.4%, respectively). Congenital heart disease is a major cause of infant morbidity and mortality. As a result of advances in pediatric cardiology and cardiothoracic surgery, about 85% of infants born with congenital heart disease can be expected to survive into adulthood. In turn, adults with congenital heart disease represent a large and growing population that is encountered more frequently in clinical practice. An equal number of adults and children live with congenital heart disease, with an estimated 800,000 adult patients in the United States alone.


Most cases of congenital heart disease occur sporadically, without a known specific cause. Genetic abnormalities are responsible for a proportion of cases and may contribute to cases occurring sporadically as well. Environmental factors are also known to cause congenital heart disease. An increased incidence is found in children of patients with congenital heart disease, with a higher risk in mothers than in fathers. In most cases, the nature of the parent’s defect does not predict the lesion in affected offspring.


The size and nature of the congenital defect often determine the onset of symptoms. Normal physiologic changes in cardiovascular hemodynamics at birth can prompt presentation. Symptoms can develop shortly after birth when transition from fetal to adult circulation represents a new dependence on biventricular circulation with a pulmonary circuit. The isolated pulmonary and systemic circulations of D-transposition of the great arteries become apparent on closure of the last fetal connections between circuits, the ductus arteriosus and the foramen ovale. In other conditions, the primary lesion results in changes that delay presentation until such compensatory mechanisms fail. Hypertrophy of the morphologic right ventricle in L-transposition of the great arteries is sufficient to compensate for systemic vascular resistance and maintain normal perfusion for years, with symptoms often developing when the systemic ventricle fails. Still other lesions may develop in adulthood when degenerative changes, such as stenosis of a previously well-functioning bicuspid aortic valve, are superimposed on an initial lesion. Some congenital defects may go undetected throughout life (e.g., small atrial septal defects [ASDs], whereas some may resolve spontaneously (small muscular ventricular septal defects [VSDs]). Many adult patients with congenital heart disease will have already undergone palliative or reparative surgical procedures and will have subsequent care directed at residual defects and sequelae of such procedures. This chapter focuses on the most common congenital abnormalities observed in adults, including those that develop in adulthood and those for which surgical correction during infancy and childhood permits survival into adulthood.






Septal Defects






ATRIAL SEPTAL DEFECTS [image: image]



ASDs are some of the most common congenital defects, representing 10% to 17% of cases, with a higher prevalence in women (60%). Defects are classified according to their location in the interatrial septum. The most common ASD (60%), the ostium secundum defect, involves the fossa ovalis. Ostium primum defects (20%) involve the atrioventricular junction and are at one end of the spectrum of atrioventricular septal defects (or endocardial cushion defects). Primum ASDs are usually associated with a cleft mitral valve and mitral regurgitation. In rare cases, primum ASD can be associated with a large VSD and a single atrioventricular (AV) valve, forming an AV septal defect. Sinus venosus defects are located in the superior septum and may be associated with partially anomalous pulmonary venous drainage into the superior vena cava or right atrium.


In patients with uncomplicated ASDs (e.g., with normal pulmonary vascular resistance), oxygenated blood shunts from the left to the right atrium. The magnitude of the shunting is determined by the size of the defect and the compliance of the left and right ventricles. Small ASDs accommodate the increased blood flow in the right atrium without sequelae and no significant hemodynamic compromise of the right heart. If the defect is large, the right atrium and right ventricle dilate to accommodate the increased volume of shunted blood (Fig. 7-1). Pressure in the pulmonary artery increases secondary to the increased volume of blood; however, with the exception of extremely large, long-standing defects, pulmonary vascular resistance usually remains normal.





[image: image]

Figure 7-1 Diagram illustrates the three types of shunt lesions that commonly survive until adulthood and their effects on chamber size. A, Uncomplicated atrial septal defect demonstrating left-to-right shunt flow across the interatrial septum and resulting in dilation of the right atrium (RA), right ventricle (RV), and pulmonary artery (PA). B, Uncomplicated ventricular septal defect, resulting in dilation of the RV, left atrium (LA), and left ventricle (LV). C, Uncomplicated patent ductus arteriosus, resulting in dilation of the LA, LV, and PA. Ao, aorta.


(From Liberthson RR, Waldman H: Congenital heart disease in the adult. In Kloner RA [ed]: The Guide to Cardiology, 3rd ed. Greenwich, Conn, Le Jacq Communications, 1991, pp 24-47.
 


Most patients with ASD are asymptomatic until adulthood, when symptoms such as fatigue, dyspnea, and poor exercise tolerance develop, secondary to right ventricular dysfunction. Older patients may decompensate when acquired heart disease leads to a rise in left ventricular filling pressures and more blood is shunted from the left atrium to the already volume-overloaded right heart. Patients with ASD are prone to atrial fibrillation, especially after 50 years of age. Irreversible pulmonary vascular obstruction resulting in right-to-left shunting and cyanosis (Eisenmenger syndrome) is uncommon and occurs infrequently (<5% of patients with ASDs). The presence of an ASD may be heralded by a paradoxical embolus traversing the defect, resulting in stroke or transient ischemic attack.


A prominent right ventricular pulsation may be observed on physical examination, along the left sternal border secondary to a dilated, hyperdynamic right ventricle (Table 7-1). The S2 sound is widely split and fixed. Wide splitting occurs because right ventricular volume overload results in a prolonged ejection period and delayed closure of the pulmonic valve. Fixed splitting results from a lack of respiratory variation in right ventricular filling with variation in the left-to-right shunt, compensating for varying venous return. An ejection-quality murmur that increases with inspiration is commonly heard at the left sternal border and is secondary to increased blood flow across the pulmonic valve. If severe pulmonary vascular obstruction develops, the P2 sound becomes loud, the splitting of S2 narrows, and a right ventricular gallop may be heard.




Table 7-1 Findings in Uncomplicated Shunt Lesions


[image: image]




The diagnosis of ASD is usually made with two-dimensional and color Doppler echocardiography. In particular, transesophageal imaging allows for excellent visualization of the interatrial septum as well as associated congenital defects such as anomalous pulmonary veins, VSDs, and abnormalities of the mitral leaflets. This technique provides additional information pertaining to right ventricular size and function and the degree of shunt flow. Cardiac magnetic resonance imaging (MRI) is another noninvasive imaging modality that provides excellent visualization of the interatrial septum and pulmonary veins and can provide diagnostic information in cases of uncertainty after echo imaging. MRI is particularly well suited for analysis of right ventricular size and function. Cardiac catheterization is useful to assess and define the shunt fraction (Qp/Qs ratio) to measure pulmonary arterial pressures and to estimate pulmonary vascular resistance, but is rarely necessary after noninvasive imaging. The most common indication for catheterization is now the identification of concomitant coronary artery disease in adults older than 40 years who are contemplating surgical repair.


Once diagnosed, ASDs should be closed without delay. The presence of right ventricular enlargement should prompt referral for closure, even in the absence of symptoms. Paradoxical embolism, elevation of pulmonary artery pressure, or a net left-to-right shunt should also prompt consideration of closure. Defects less than 8 mm in diameter are rarely significant. Significant pulmonary hypertension is a contraindication to ASD closure. When pulmonary arterial pressures exceed two thirds of systemic pressure, evidence of ongoing significant left-to-right shunt must also be present, or the reversibility of pulmonary hypertension with the administration of vasodilators or oxygen must be administered to justify the increased risk for closure.


Percutaneous device closure of a secundum ASD is an acceptable alternative to surgical closure and is becoming the preferred intervention for this condition. A sufficient rim of tissue is required for successful device deployment. Short- and intermediate-term results with the Amplatzer closure device have been excellent. The long-term results remain unknown, and patients who have received such devices should continue to receive close follow-up care. Primum and sinus venosus defects should be surgically closed.


Closure of a hemodynamically significant ASD before the age of 25 years is expected to convey a mortality benefit. Closure before the age of 40 years of age is expected to decrease the long-term risk for atrial arrhythmias. After the fourth decade, symptoms are usually significantly improved after surgical repair; however, some degree of right ventricular dysfunction may persist. Antibiotic prophylaxis for infective endocarditis is not required for small ASDs or patent foramen ovale or after ASD closure.









[image: image] VENTRICULAR SEPTAL DEFECT


VSD is a common congenital abnormality in newborns and is present in about 1 in 500 normal births. Because nearly 50% of VSDs close spontaneously during childhood and most large defects are surgically corrected at an early age, this defect is rarely encountered in adults. VSDs are classified according to their location within the interventricular septum. Type I VSDs (also known as supracristal VSD) are located beneath the aortic annulus and often lead to aortic valvular incompetence. Type II VSDs (or perimembranous VSD) are the most common (about 80%) and are located in the membranous portion of the septum between the left ventricular outflow tract and the right ventricle near the septal leaflet of the tricuspid valve. Type III defects involve the atrioventricular canal, which is often associated with ostium primum ASDs, along with mitral and tricuspid leaflet abnormalities. Such congenital defects are common in patients with Down syndrome. Type IV defects (or muscular VSDs) make up 5% to 20% of VSDs and involve the muscular portion of the interventricular septum and often close spontaneously during childhood if small.


In patients with uncomplicated VSDs, oxygenated blood from the left ventricle is shunted across the defect into the right ventricle. If the defect is small, then right ventricular size and function are normal, and pulmonary vascular resistance does not increase. If the defect is large, however, the right ventricle dilates to accommodate the increased volume, and pulmonary blood flow increases (see Fig. 7-1). If the condition is uncorrected, pulmonary vascular obstruction may develop and may lead to pulmonary artery hypertension, reversal of the interventricular shunt, and systemic desaturation and cyanosis (Eisenmenger syndrome).


The clinical course of a patient with VSD depends on the size of the defect. Most small defects spontaneously close, or if still present in adulthood, they are usually not associated with any significant hemodynamic complications. Large defects are usually detected and repaired during infancy. Affected individuals with uncorrected defects who survive to adulthood may have signs and symptoms of right-sided ventricular heart failure. If pulmonary vascular obstruction with reversed central shunt (so-called Eisenmenger physiology) develops, cyanosis and clubbing of the fingers may be present. All patients with VSD (or repaired VSD with residual shunt flow) are at risk for bacterial endocarditis that usually involves the right ventricular outflow tract.


On physical examination, the patient with an uncomplicated VSD has a hyperdynamic precordium and a palpable thrill along the left sternal border (see Table 7-1). The murmur is usually holosystolic and is best heard at the left sternal border. In general, small defects are associated with loud murmurs because of the significant pressure gradient between the left and the right ventricles. As pulmonary hypertension develops and left-to-right shunt flow decreases, the murmur may soften, and a loud P2 sound may be present.


Two-dimensional and Doppler echocardiography are useful in diagnosing VSDs as well as in assessing right ventricular size and function and associated cardiac abnormalities. The evaluation of VSD can be complemented by cardiac MRI or computed tomography (CT) studies in cases of uncertainty with echo imaging. Cardiac catheterization may be necessary before surgical repair to document the severity of shunt flow and to determine pulmonary artery pressure and pulmonary vascular resistance, especially in cases with suspected pulmonary arterial hypertension. Documentation involves identifying a rise in oxygen content in blood that is sampled from the right ventricle and pulmonary artery compared with blood from the right atrium. Patients with Eisenmenger syndrome and net right-to-left shunt flow are not surgical candidates. Surgical closure of the VSD with sutures or a prosthetic patch is recommended for patients with left-to-right shunt flow greater than 1.5 : 1 without evidence of irreversible pulmonary hypertension. Percutaneous device closure is an attractive option for muscular VSDs.












Valvular Defects






CONGENITAL AORTIC STENOSIS AND BICUSPID AORTIC VALVE


Congenital left ventricular outflow obstruction may occur at the valvular, subvalvular, or supravalvular level. Valvular stenosis is most often secondary to a bicuspid aortic valve, which is present in about 2% of the population and occurs more frequently in men than in women. Associated cardiovascular abnormalities can occur in less than or equal to 20% of affected persons and include coarctation of the aorta and patent ductus arteriosus (PDA). Bicuspid aortic valves rarely cause significant obstruction during infancy and early childhood. However, their abnormal structure results in turbulent flow that leads to leaflet injury and thickening, calcification, and, ultimately, narrowing of the orifice.


Although a few patients with bicuspid aortic stenosis remain asymptomatic throughout life, most affected individuals develop symptoms during the fifth and sixth decades of life. As with acquired aortic stenosis, chest pain, syncope, and congestive heart failure are the most frequent symptoms. Bicuspid aortic valves may be complicated by aneurismal enlargement of the thoracic aorta and aortic dissection. Other complications include sudden death, particularly in the setting of significant outflow obstruction, and infective endocarditis, which can lead to significant aortic regurgitation. Less commonly, aortic regurgitation is the predominant abnormality associated with a bicuspid aortic valve.


The physical examination of a patient with a stenotic bicuspid aortic valve is similar to that of the patient with acquired aortic stenosis and is usually characterized by an ejection-quality murmur at the left sternal border (Table 7-2). If the leaflets are still pliable, an early systolic ejection click may be appreciated as the leaflets open. The decrescendo diastolic murmur of aortic insufficiency may also be present, as may typical signs of significant aortic regurgitation.




Table 7-2 Findings in Select Uncomplicated, Unrepaired Cardiac Defects
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The diagnosis of bicuspid aortic valve and the determination of degree of stenosis and regurgitation are usually made by two-dimensional and Doppler echocardiography. (Treatment of patients with significant obstruction or insufficiency is outlined in Chapter 8.) Children and young adults with significant stenosis may have improvement with percutaneous valvuloplasty, especially when calcification of the valve cusps is minimal. In older adults or those patients with significant leaflet calcification, aortic valve replacement remains the treatment of choice. Although aortic root enlargement may be identified by echocardiography, cardiac MRI and CT provide more accurate measurements for serial follow-up and should be performed if enlargement is suspected. Although endocarditis is always a concern with bicuspid aortic valves, antibiotic prophylaxis is unlikely to prevent most cases, and the risks are now thought to outweigh the benefits. Meticulous oral hygiene is the recommended practice to prevent endocarditis in these patients.


Other causes of congenital left ventricular outflow tract obstruction are much less common. Subaortic stenosis is often first diagnosed in adulthood and is characterized by the presence of a discrete, fibrous diaphragm that encircles the left ventricular outflow tract between the mitral annulus and the basal interventricular septum. Patients with this defect have a characteristic outflow murmur but not the systolic ejection click appreciated in patients with bicuspid aortic valves. Supravalvar aortic stenosis (SVAS) is a rare form of outflow obstruction characterized by varying degrees of ascending aortic root stricture. Loss-of-function mutations in the extracellular matrix protein, elastin, are responsible for smooth muscle hypertrophy in SVAS, which is a generalized arteriopathy most commonly affecting the sinotubular junction of the ascending aorta but also affecting the pulmonary and other systemic arteries. This abnormality is usually diagnosed in childhood and is often part of a syndrome with hypercalcemia and multiple skeletal, vascular, and developmental abnormalities. Nonsyndromic cases also occur in both sporadic and familial forms.









PULMONIC VALVE STENOSIS


Pulmonic valve stenosis is the most common cause of obstruction to right ventricular outflow and usually occurs as an isolated congenital lesion. Fusion of the pulmonary leaflets creates the pressure-overloaded state and results in right ventricular hypertrophy. Some patients develop discrete hypertrophy of the infundibulum beneath the pulmonic valve, further contributing to outflow obstruction.


Unless the valve is severely stenotic at birth, most affected persons live a normal life until adolescence or young adulthood. The development of symptoms depends on the severity of the stenosis and right ventricular function. Patients with mild-to-moderate stenosis are usually asymptomatic and rarely have complications associated with the defect. Patients with moderate-to-severe obstruction often exhibit progressive fatigue and dyspnea. If right ventricular dysfunction occurs, symptoms and signs of right-sided ventricular heart failure may be present.


On physical examination, the patient with severe stenosis has a right ventricular lift on palpation of the precordium (see Table 7-2). The S1 sound is usually normal and is followed by an opening click that becomes louder with expiration. The P2 sound becomes softer and is delayed as the severity of the stenosis increases. The characteristic murmur of pulmonic stenosis is a systolic ejection murmur heard best at the left upper sternal border, which increases with inspiration. As with aortic stenosis, a late-peaking murmur indicates more severe stenosis. A prominent jugular venous a wave and right-sided S4 sound may also be present in patients with severe obstruction to right ventricular outflow.


For asymptomatic patients with mild pulmonic stenosis (<30 mm Hg peak gradient), symptoms are unlikely, and obstruction is unlikely to progress. Patients with moderate stenosis (peak gradient > 50 mm Hg) are likely to develop symptoms and require closer observation. In children and adults with isolated pulmonic stenosis, percutaneous balloon valvuloplasty is a suitable therapeutic option that offers results comparable with those achieved with surgery. Valvuloplasty should be offered to symptomatic patients (who will often have peak gradients higher than 50 mm Hg. Asymptomatic patients with peak gradients higher than 60 mm Hg should also be treated. Balloon valvuloplasty is unlikely to relieve obstruction from significant infundibular stenosis or in cases with moderate or worse pulmonary regurgitation, in which case surgical repair is preferred. Repair of the valve involves separation of the fused commissures and resection of the infundibulum if significant hypertrophy is present. Valve replacement is rarely necessary.









OTHER VALVULAR DEFECTS [image: image]



Ebstein anomaly is a rare condition (0.5% of patients with congenital heart disease) characterized by apical displacement of the tricuspid valve into the right ventricle. As a result, the basal portion of the right ventricle forms part of the right atrium and leaves a small functional right ventricle. The tricuspid leaflets are often dysplastic and may partially adhere to the interventricular septum or right ventricular free wall, often with significant tricuspid regurgitation. The degree of right ventricular dysfunction depends on the size of the functioning right ventricle and the severity of the tricuspid regurgitation. Ebstein anomaly frequently presents in adulthood. A patent foramen ovale or ostium secundum ASD is present in more than 50% of patients and may result in right-to-left shunt flow as right atrial pressure increases. Supraventricular arrhythmias are common in those with Ebstein anomaly, as is ventricular pre-excitation associated with Wolff-Parkinson-White syndrome.












Diseases of the Aorta






COARCTATION OF THE AORTA [image: image]



Coarctation of the aorta is a fibrotic narrowing of the aortic lumen usually located distal to the left subclavian artery in the region of the ligamentum (ductus) arteriosus. The defect is more common in men than in women (2 : 1) and represents 5% to 8% of all congenital heart defects. About 25% to 50% of patients have an associated bicuspid aortic valve. The most common extracardiac abnormality is an aneurysm of the circle of Willis (present in 3% to 5% of patients).


Coarctation produces obstruction to left ventricular outflow and results in a rise in blood pressure in the proximal aorta and great vessels relative to the distal aorta and lower extremities. The development of left ventricular hypertrophy helps maintain normal stroke volume in the presence of increased afterload. Most cases of coarctation are diagnosed in infancy or childhood, during which a high mortality rate is observed for severe coarctation that has not been repaired. Occasional cases of mild coarctation will remain undiagnosed until adulthood, when a work-up for secondary causes of hypertension may reveal the abnormality. A coarctation should be excluded in all young patients with hypertension. If the condition is left untreated, more than two thirds of patients will develop left ventricular dysfunction and congestive heart failure by the fourth decade of life. Other complications include aortic dissection or rupture, stroke secondary to chronic hypertension, or spontaneous rupture of cerebral aneurysms. As such, patients with coarctation can be considered to have a generalized arteriopathy. Endocarditis involving the coarctation or the associated bicuspid aortic valve is a dangerous complication.


Clinically, most patients with coarctation have upper extremity hypertension with forceful carotid and upper extremity pulses (Fig. 7-2; see also Table 7-2). The pulses in the lower extremities are typically weak and delayed relative to the carotid upstroke. An ejection-quality murmur may be heard if a bicuspid aortic valve is present. A systolic murmur originating from the coarctation is typically heard over the left upper back. Older adults may have findings of heart failure.
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Figure 7-2 Three-dimensional reconstruction of cardiac magnetic resonance image from a patient with uncorrected coarctation of the aorta. The coarctation (arrow) of the descending thoracic aorta (Ao) occurs in close proximity to the pulmonary artery (PA) in the expected location of the ligamentum arteriosus. Prominent intercostal arterial collaterals are observed.




The diagnosis of coarctation may be made by two-dimensional and Doppler echocardiography. Echocardiography may be the only study required for diagnosis in infants and children. However, in adults, MRI and cardiac catheterization are the preferred methods for defining the location of the coarctation and the anatomy of the arch vessels. Repair in adults is recommended at the time of diagnosis, although only about 50% of patients become normotensive after the procedure. Surgical repair is standard in many centers, although primary percutaneous treatment with balloon angioplasty and stenting of discrete coarctation is preferred in others. Restenosis of the aorta may occur postoperatively, although in many instances, this recurrent stenosis may be dilated using percutaneous techniques. A new or unusual headache in a patient with coarctation should prompt an evaluation for intracranial aneurysms. Progressive enlargement of the thoracic aorta with dissection is a concern in patients with coarctation. Hypertension is common after repair of coarctation and may be manifest primarily with exercise.









[image: image] PATENT DUCTUS ARTERIOSUS


The ductus arteriosus functionally closes several hours after birth and anatomically closes within 4 to 8 weeks thereafter. PDA is more common in infants who are premature or who are born at a high altitude. PDA is also more common in women than in men, and it may be associated with other cardiac abnormalities such as coarctation and VSD.


A persistent communication between the aorta and pulmonary artery is the result of the failure of the ductus arteriosus to close. The hemodynamic consequences of this communication depend on the size of the ductus. If the defect is small, pulmonary artery resistance remains normal, and blood flows from left to right from the aorta to the pulmonary circulation. Most patients with small PDAs are asymptomatic and survive into adulthood without developing significant hemodynamic complications. When the ductus is large, blood flow through the pulmonary circulation and returning to the left side of the heart is significantly increased, resulting in left ventricular volume overload and pulmonary congestion (see Fig. 7-1). Persistence of a large PDA may result in elevated pulmonary vascular resistance with Eisenmenger physiology. When pulmonary vascular resistance exceeds systemic vascular resistance, shunt flow reverses and passes from right to left. Such patients have cyanosis of the lower extremities with clubbing of the toes, whereas the upper extremities are usually normal in color without evidence of clubbing of the fingers. This differential cyanosis is secondary to shunting of poorly oxygenated blood from the pulmonary artery to the aorta distal to the left subclavian artery, whereas well-oxygenated blood from the left ventricle is supplied to the head and upper limbs. The increased volume and pressure load on the right ventricle can precipitate right-sided ventricular failure.


The characteristic physical examination finding of uncomplicated PDA is a loud, continuous, machinery-like murmur best heard in the left infraclavicular region (see Table 7-2). If the PDA is small, the peripheral pulses remain normal. A hemodynamically significant PDA also has a continuous murmur, but it is typically associated with bounding pulses and a wide pulse pressure. The left ventricle may be enlarged, and signs of pulmonary congestion may be present. An Eisenmenger PDA is characterized by the loss of the continuous murmur, signs of pulmonary hypertension, and differential cyanosis and clubbing.


The diagnosis of PDA is usually confirmed with two-dimensional and Doppler echocardiography, at which time the size of the shunt and the pulmonary pressures can be estimated. Oximetry should be performed on both fingers and toes. Cardiac catheterization is usually performed at the same time as percutaneous closure for further confirmation. Evidence for reversibility of pulmonary hypertension at cardiac catheterization is reassuring. Closure of the PDA is indicated in all cases except in those patients with silent PDAs, found only by a screening examination and without audible murmur, and in those with large PDAs associated with severe, irreversible pulmonary vascular disease.


Percutaneous device closure is the preferred intervention in most centers, particularly if calcification of the duct is present. Surgery is reserved for the PDA that is too large for percutaneous closure or with distorted anatomy such as a ductal aneurysm or after endarteritis. Surgical complications include recurrent laryngeal or phrenic nerve injury and thoracic duct damage. As with most congenital heart lesions, infective endocarditis is a concern and should be managed primarily by optimal oral hygiene. Antibiotic prophylaxis is reserved for patients with previous endocarditis.












Cyanotic and Other Complex Conditions






TETRALOGY OF FALLOT


Tetralogy of Fallot is the most common cyanotic congenital heart lesion in adults and represents 10% of all congenital heart defects. It may be exhibited to the physician before or, more commonly, after corrective or palliative surgery (see Table 7-2). Tetralogy is the result of a malalignment of the aorticopulmonary septum that divides the truncus arteriosus into the aorta and pulmonary artery during development, resulting in deviation of the aorta anteriorly toward the pulmonary artery. The four components of tetralogy are the following: (1) overriding of the aorta in relation to the ventricular septum; (2) right ventricular outflow obstruction, which may be valvular, subvalvular, supravalvular, or a combination of all three; (3) membranous VSD; and (4) right ventricular hypertrophy. The VSD is usually large and allows free communication between the right and left ventricles. The presence of right ventricular outflow obstruction is protective, preventing volume and pressure overload of the pulmonary circulation, which would result in fixed pulmonary hypertension. The degree of right-to-left shunt flow depends on the degree of right ventricular outflow obstruction. If pulmonic stenosis is mild, right-to-left shunt flow is minimal, and the patient remains acyanotic (pink tetralogy). More commonly, the pulmonic stenosis is severe, and a large volume of poorly oxygenated blood is shunted into the systemic circulation with resulting cyanosis. The degree of cyanosis is worsened with exercise, when the fall in systemic vascular resistance increases the degree of right-to-left shunt flow. Tetralogy may also be associated with ASD, muscular VSD, right aortic arch, and other coronary anomalies. A chromosomal deletion (22q11) is found in 15% of cases, particularly in those with associated anomalies. Such a deletion implies a higher risk for transmission of congenital heart disease to offspring.


Surgical correction of tetralogy is usually performed during infancy or childhood and involves relief of right ventricular obstruction and patch closure of the VSD. After reparative surgery, patients are at risk for residual pulmonary stenosis or regurgitation, which may lead to right ventricular enlargement and dysfunction and tricuspid regurgitation. Aortic insufficiency is common after repair and may become clinically significant. Residual VSDs, aneurysms of the right ventricular outflow tract, and sustained arrhythmias are also recognized complications. Arrhythmias may be supraventricular or ventricular, may signify hemodynamic impairment, and may contribute to an increased risk for sudden death. Prolongation of the QRS duration (to >180 milliseconds) on the surface electrocardiographic study is a marker for increased risk for ventricular tachycardia and sudden death.


Palliative surgery may have been performed in childhood to improve pulmonary blood flow. Occasionally, patients may elect not to undergo complete repair. Such palliation involves the creation of a shunt between the systemic and pulmonary circulation (e.g., subclavian artery to ipsilateral pulmonary artery [Blalock-Taussig shunt]), which results in increased pulmonary blood flow and improved oxygenation of the systemic blood. A variety of palliative shunts have been used for this purpose. Although such procedures often result in long-term palliation of hypoxia, several complications can occur. Patients may outgrow their shunts, or the shunts may spontaneously close and may lead to progressive cyanosis. If the shunt is too large, the increased volume of blood into the pulmonary circulation and left heart may result in pulmonary congestion and progress to irreversible pulmonary vascular obstruction. In patients surviving to adulthood, corrective surgery should still be undertaken, but the operative risk is higher secondary to the presence of right ventricular dysfunction.









COMPLETE TRANSPOSITION OF THE GREAT ARTERIES


Complete transposition (also known as D-transposition) represents 5% to 7% of congenital heart disease and is the most common cyanotic congenital heart disease in the newborn. It is characterized by abnormal ventriculoarterial connections with the aorta arising from the right ventricle and the pulmonary artery arising from the left. The circulation is thus two circuits in parallel. This anatomy can support fetal development, but serious consequences result on closure of the foramen ovale and ductus arteriosus shortly after birth, at which point the systemic and pulmonary circuits are separated and oxygenated blood no longer mixes with the systemic circulation. Uncorrected D-transposition has a 90% mortality rate in the first year of life. Associated defects include VSD, left ventricular outflow tract (subpulmonic) stenosis, and coarctation of the aorta.


The first successful palliative procedure for D-transposition was the atrial switch procedure (e.g., Mustard or Senning procedures) in which the venous return is baffled to the contralateral ventricle to achieve two circuits in series. These procedures result in excellent short- and mid-term outcomes. Complications include failure of the systemic right ventricle, tricuspid regurgitation, sinus node dysfunction, tachyarrhythmias, and baffle leaks or obstruction. Progressive ventricular failure should prompt consideration of heart transplantation.


In the 1980s, the arterial switch procedure supplanted the Mustard and Senning procedures. This technically challenging procedure restores normal anatomy by attaching the aorta to the left ventricle and the pulmonary artery to the right ventricle with reimplantation of the coronary arteries into the new aorta. Less long-term follow-up data are available for patients following arterial switch, but similar favorable mid-term outcomes have been noted, relative to the Mustard and Senning procedures. Late complications include obstruction of the reimplanted coronary arteries with associated myocardial ischemia, and progressive enlargement of the new aortic root with associated valvular regurgitation. It is recommended that all adults be evaluated at least once for coronary artery patency following arterial switch.









CORRECTED TRANSPOSITION OF THE GREAT ARTERIES [image: image]



Inversion of the ventricles and abnormal positioning of the great arteries characterize congenital-corrected transposition of the great arteries (L-transposition). In this anomaly, the anatomic right ventricle lies on the left and receives oxygenated blood from the left atrium. Blood is ejected into an anteriorly displaced aorta. The anatomic left ventricle lies on the right and receives venous blood from the right atrium and ejects it into the posteriorly displaced pulmonary artery. This condition is not generally cyanotic and is uncommon, representing 0.5% of cases in patients with congenital heart disease.


The clinical course of patients with corrected transposition depends on the severity of other intracardiac anomalies. When the abnormality is an isolated lesion, many individuals survive into adulthood without symptoms. In some patients, the systemic ventricle (anatomic right ventricle) may fail, and pulmonary congestion may result. Associated anomalies include atrioventricular nodal block, VSD, and Ebstein anomaly.









[image: image] SINGLE VENTRICLE AND FONTAN OPERATION


A variety of anatomic defects can functionally result in a single ventricle supporting both the pulmonary and systemic circulation. As such, tricuspid atresia, double-inlet left ventricle with VSD, and large atrioventricular septal defect (among others) may all have similar consequences for the patient. The cardiac output is directed in common to both the aorta and the pulmonary artery, with the balance between the two circulatory beds determined by the degree of outflow tract obstruction. If outflow obstruction is equal, the lower pulmonary vascular resistance will tend to favor pulmonary flow; thus, the ideal single ventricle will have some degree of pulmonary outflow obstruction to prevent the development of fixed pulmonary hypertension. Patients with univentricular hearts who are not repaired have a poor prognosis, with a median survival of 14 years of age. Most patients have cyanosis and functional limitations and would benefit from palliative surgery.


The goal with palliation is to optimize pulmonary blood flow without volume loading the ventricle. In suitable patients, the Fontan procedure can offer improved functional status and relieve cyanosis. The Fontan procedure and its modifications connect all systemic venous return to the pulmonary artery without an intervening ventricular pump. This can be accomplished by anastomosis of the right atrium to the pulmonary arteries, separate connections between the superior vena cava and the adjacent right pulmonary artery, and the inferior vena cava through a graft to the left pulmonary artery or a tunnel connecting the vena cava and anastomosed to the pulmonary artery. The Fontan procedure separates the two circulations and provides relief of cyanosis without providing a volume load on the left ventricle or a pressure load on the pulmonary arteries. Complications include thrombosis, obstruction, or leaks in the Fontan circuit, ventricular dysfunction, arrhythmias, hepatic dysfunction, and protein-losing enteropathy. Patients with poor ventricular function or intractable protein-losing enteropathy after the Fontan procedure should be considered for transplantation.









EISENMENGER SYNDROME


In 1897, Victor Eisenmenger first described the clinical and pathologic features of a patient with fixed pulmonary hypertension resulting from a large VSD. In 1958, Paul Wood used the term Eisenmenger complex to describe the combination of a large VSD with systemic pulmonary pressures and a reversed or bidirectional shunt. The same pulmonary pathologic changes can result from a large shunt at any level, and the term Eisenmenger syndrome was suggested to describe pulmonary hypertension with reversed or bidirectional shunting at any level. Thus a VSD, a PDA, or an ASD could all result in Eisenmenger physiologic characteristics. The defect size generally exceeds 1.5 cm in diameter for VSD, with about half that diameter for PDA and twice that diameter for ASD. Large surgical shunts can also lead to Eisenmenger syndrome.


Most patients with Eisenmenger syndrome survive to adulthood, with complications generally occurring from the third decade onward. The prognosis is better than that for patients with other causes of pulmonary hypertension such as primary pulmonary hypertension.


Complications include hyperviscosity syndrome, hemorrhage or thrombosis, arrhythmias and sudden death, endocarditis and cerebral abscess, ventricular dysfunction, hyperuricemia and gout, and renal impairment, among others. Hyperviscosity syndrome results from excessive erythrocytosis driven by increased erythropoietin in response to chronic hypoxia. Symptoms include headache, myalgias, and altered mentation. Many patients can tolerate a high hematocrit level with mild or no symptoms, and phlebotomy should not be undertaken simply in response to the hematocrit level. Excessive phlebotomy can lead to iron deficiency. Iron-deficient erythrocytes are less distensible and result in higher blood viscosity for any given hematocrit level, with microcytosis being the strongest independent predictor for cerebrovascular events.


Patients with Eisenmenger syndrome have achieved a delicate balance, and management of such patients should respect that balance. Prevention of complications is the preferred strategy. Influenza inoculations, endocarditis prophylaxis, and an avoidance of inappropriate phlebotomy are the mainstays of management. Extreme caution should be exercised with noncardiac surgery to avoid precipitous changes in vascular resistance that may lead to cardiovascular collapse. Pregnancy is strongly discouraged, considering the high risk to both the mother and the fetus. Sterilization is preferred because oral contraceptives can aggravate the risk for thrombosis. Pulmonary vasodilator therapy may improve quality of life, but carries recognized risks and should be supervised by expert care.












Other Conditions


Congenital anomalies of the coronary arteries are not uncommon and may be asymptomatic or associated with myocardial ischemia. The left circumflex or left anterior descending artery may arise from the right sinus of Valsalva and is usually not associated with abnormalities of myocardial perfusion. Either coronary artery may arise from the right sinus and may pass between the pulmonary trunk and aorta. This abnormality may result in myocardial ischemia, infarction, or sudden death in young adults, especially during exertion. Coronary artery fistulas with drainage into the right ventricle, vena cava, or pulmonary vein may be associated with myocardial ischemia if a significant amount of coronary blood flow is shunted into the venous system. Diagnosis of these abnormalities is made by coronary angiography.





Prospectus for the Future


The growing population of patients with successful outcomes after intervention for congenital heart disease is posing new challenges during adulthood. The increasing prevalence of genetic studies must be linked to genetic counseling. Early prenatal diagnoses that are linked to specific molecular defects will engender therapeutic strategies in utero. Genetic epidemiologic studies will provide important insights about the influences of the in utero environment on the subsequent susceptibility and risk factors for heart disease during adulthood.
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Chapter 8 Acquired Valvular Heart Disease




Sheldon E. Litwin









Aortic Stenosis


Aortic stenosis can be congenital or acquired in origin (Table 8-1). The most common congenital cardiac abnormality affects the bicuspid aortic valve. Significant narrowing of the orifice usually occurs during middle age after years of turbulent flow through the valve results in leaflet injury, thickening, and calcification. Rheumatic aortic stenosis results from fusion of the leaflet commissures and is usually associated with mitral valve disease. The most common cause of aortic stenosis in adults is degenerative or senile aortic stenosis, which usually occurs in patients older than 65 years. Aortic stenosis is more common in men than it is in women.


Table 8-1 Major Causes of Valvular Heart Disease in Adults






	Aortic Stenosis






	


Bicuspid aortic valve



Rheumatic fever



Degenerative stenosis









	Aortic Regurgitation






	


Bicuspid aortic valve



Aortic dissection



Endocarditis



Rheumatic fever



Aortic root dilation









	Mitral Stenosis






	Rheumatic fever






	Mitral Regurgitation






	Chronic






	


Mitral valve prolapse



Left ventricular dilation



Posterior wall myocardial infarction



Rheumatic fever



Endocarditis









	Acute






	


Posterior wall or papillary muscle ischemia



Papillary muscle or chordal rupture



Endocarditis



Prosthetic valve dysfunction



Systolic anterior motion of mitral valve









	Tricuspid Regurgitation






	


Functional (annular) dilation



Tricuspid valve prolapse



Endocarditis



Carcinoid heart disease










In patients with aortic stenosis, the outflow obstruction gradually increases over many years, resulting in left ventricular hypertrophy. This response allows the left ventricle to generate and maintain a large pressure gradient across the valve without a reduction in stroke volume. However, left ventricular hypertrophy often results in increased diastolic chamber stiffness because greater intracavitary pressure is required to maintain left ventricular filling. Systolic dysfunction may also occur as a result of changes in expression of myocyte contractile and calcium-cycling proteins.


Patients with severe aortic stenosis may be asymptomatic for many years despite the presence of severe obstruction. The cardinal symptoms associated with aortic stenosis are angina, syncope, and congestive heart failure. Angina can occur in the absence of epicardial coronary artery disease because of the increased oxygen demand of the hypertrophied ventricle and decreased coronary blood flow secondary to elevated left ventricular diastolic pressure. Syncope may result from transient arrhythmias but more commonly occurs with exertion when cardiac output is insufficient to maintain arterial pressure in the presence of exercise-induced peripheral vasodilation. Dyspnea may result from increased filling pressures associated with the noncompliant, hypertrophied left ventricle or may signal the onset of systolic dysfunction. Once patients with severe aortic stenosis develop symptoms, the prognosis is poor unless surgical correction is undertaken. Previous studies have shown that the mean survival rate after the onset of symptoms is about 2 years in patients with heart failure, 3 years in patients with syncope, and 5 years in patients with angina (Fig. 8-1).





[image: image]

Figure 8-1 A, Natural history of aortic stenosis without surgical therapy. B, Natural history of mitral and aortic valve disease in an era when surgical therapy was not widely available. Survival rates in 42 patients with aortic stenosis (AS, orange circles with dotted line), 35 patients with aortic insufficiency (AI, orange circles with solid line), and 133 patients with mitral insufficiency (MI, yellow circles with solid line). Clinical course in AI, MS (red circles with dotted line), and MI is similar with a 5-year survival rate of about 80% and a 10-year survival rate of about 60%. Patients with AS have a worse prognosis, with 5- and 10-year survival rates of about 40% and 20%, respectively.


(A from Ross J Jr, Braunwald E: Aortic stenosis. Circulation 38[Suppl V]:61, 1968. Copyright © 1968 American Heart Association. B from Rapaport E: Natural history of aortic and mitral valve disease, Am J Cardiol 35:221-227, 1975.)





On physical examination, the patient with aortic stenosis may have a laterally displaced, sustained apical impulse secondary to left ventricular hypertrophy (Table 8-2). An audible or palpable S4 may also be present if the patient is in sinus rhythm. Decreased mobility of the aortic cusps may cause the A2 component of S2 to be soft or absent. The murmur of aortic stenosis is a harsh, crescendo-decrescendo murmur that is best heard over the right upper sternal border and often radiates to the neck. As the obstruction increases, the peak of the murmur occurs later in systole. If left ventricular dysfunction develops, the murmur may decrease in intensity secondary to a reduction in stroke volume. The carotid impulse is often diminished in intensity and delayed (i.e., pulsus parvus et tardus) (see Chapter 4), although in older adults, these changes may be present secondary to intrinsic vascular disease in the absence of significant aortic stenosis.




Table 8-2 Characteristic Physical, Electrocardiographic, and Chest Radiographic Findings in Chronic Acquired Valvular Heart Disease


[image: image]




The principal electrocardiographic finding in aortic stenosis is left ventricular hypertrophy. Heart block may develop as a result of calcification from the aortic valve extending into the conducting system. Echocardiography is the most important diagnostic test and is useful to determine the cause of the aortic stenosis and to quantitate the degree of obstruction. The mean transvalvular gradient and valve area can be measured and calculated using Doppler techniques. Patients with severe stenosis will often undergo cardiac catheterization both to confirm the presence of severe aortic stenosis and to determine whether concomitant coronary artery disease is present. A valve area less than or equal to 0.7 cm2 defines critical aortic stenosis (normal valve area is 3 cm2) and is usually associated with a mean transvalvular gradient of more than 50 mm Hg when normal left ventricular function is present. It should be noted that in patients with reduced systolic function, the mean gradient might be low despite the presence of severe aortic stenosis. Moreover, symptoms are often present with valve areas of 0.7 to 1 cm2.


Treatment in most adults with symptomatic aortic stenosis is surgical replacement of the valve. The operative risk and prognosis are best in patients with preserved left ventricular systolic function. However, surgery should still be considered in patients with left ventricular dysfunction because relief of the obstruction can result in significant clinical and hemodynamic improvement. A more nuanced approach is required for patients with asymptomatic aortic stenosis in whom a recommendation for surgical intervention might be based on the functional assessment by exercise stress testing. Advanced age is associated with higher operative morbidity but is not a contraindication to surgical therapy. Balloon aortic valvuloplasty is a percutaneous technique in which a balloon catheter is positioned across the aortic valve. Inflation results in fracture or separation of the fused and calcified cusps. This procedure is most effective in young patients with noncalcified congenital aortic stenosis and is rarely used in adult patients with calcific aortic stenosis because of significant complications and a high restenosis rate (about 30% at 6 months). Medical interventions with cholesterol-lowering therapies to slow the progression of mild to moderate aortic stenosis are still under clinical investigation. Routine antibiotic prophylaxis is no longer recommended unless there is prior history of endocarditis.









Aortic Regurgitation


Aortic regurgitation (AR) may be secondary to primary disease of the aortic leaflets, aortic root, or both (see Table 8-1). Abnormalities of the aortic leaflets may be secondary to rheumatic disease, congenital abnormalities, endocarditis, or use of certain anorexigenic drugs. In addition, AR is commonly a consequence of degenerative and bicuspid aortic stenosis. An aortic root pathologic condition associated with annular and root dilation may result in separation or prolapse of the leaflets.


With chronic AR, the left ventricle must accommodate the normal inflow from the left atrium in addition to the aortic regurgitant volume. As a result, the left ventricle dilates and hypertrophies to maintain normal effective forward flow and to minimize wall stress. As the AR progresses, these changes in left ventricular size and wall thickness may be insufficient to maintain normal left ventricular filling pressures, and irreversible myocyte damage may occur. As a result, the left ventricle will dilate further, and systolic function and effective stroke volume will decrease.


Clinically, patients with chronic, severe AR may be asymptomatic for long periods secondary to the compensatory changes in the left ventricle. When symptoms do develop, they are primarily related to an elevation in left ventricular filling pressures and include dyspnea on exertion, orthopnea, and paroxysmal nocturnal dyspnea. Many patients will describe chest or head pounding secondary to the hyperdynamic circulation. If effective cardiac output is reduced, the patient may complain primarily of fatigue and weakness. As with aortic stenosis, angina may occur in patients with AR even in the absence of epicardial coronary artery disease secondary to elevated left ventricular filling pressures and reduced coronary perfusion pressure.


On physical examination, patients with severe AR have a widened pulse pressure (difference between the systolic and diastolic pressures) as a result of the runoff of blood back into the left ventricle (see Table 8-2). The arterial pulse is usually bounding, with a rapid upstroke and quick collapse (Corrigan disease or water-hammer pulse) (see Chapter 4). The cardiac impulse is hyperdynamic and is displaced laterally and inferiorly. The murmur of AR is a high-pitched, decrescendo diastolic murmur best heard at the lower left sternal border with the patient sitting up and leaning forward. Asking the patient to hold his or her breath at end expiration while the hands are held behind the head may also improve the ability to auscultate the murmur of AR. A systolic ejection murmur is often heard secondary to increased forward flow across the aortic valve. An S3 gallop may be present, especially if the patient has developed symptoms of heart failure. A low-pitched, diastolic murmur (Austin Flint murmur) may be heard at the apex and confused with the murmur of mitral stenosis (MS). This sound is thought to be secondary to the incomplete opening of the mitral leaflets (functional MS) secondary to elevated left ventricular filling pressures or impingement of the AR jet on the anterior mitral leaflet.


The natural history of chronic AR is varied. Many patients with moderate to severe AR will remain asymptomatic for many years and generally have a favorable prognosis. Other patients may have progression of AR severity and develop left ventricular dysfunction and symptoms of congestive heart failure. Echocardiography is the primary tool to monitor the progression of disease and optimize the timing of surgery. Prior studies have shown that patients at high risk are those with left ventricular end-systolic diameters greater than 50 mm or an ejection fraction of less than 50%. Surgery is usually recommended before developing this degree of left ventricular enlargement or dysfunction. Therefore patients with known moderate to severe AR should be monitored regularly with noninvasive testing to detect early signs of cardiac (i.e., left ventricular) decompensation.


Treatment of patients with moderate to severe AR theoretically should include vasodilator therapy, such as nifedipine or angiotensin-converting enzyme (ACE) inhibitors, because these agents unload the left ventricle. Although some published data suggest that these agents may slow the progression of myocardial dysfunction and delay the need for surgery, more recent data do not support that contention.


Valve replacement surgery should be considered in symptomatic patients and those with evidence of significant left ventricular enlargement or left ventricular systolic dysfunction. In patients with reduced left ventricular ejection fraction of short duration (14 months), valve replacement usually results in significant improvement in ventricular function. If left ventricular dysfunction has been present for a prolonged period, then permanent myocardial damage may occur. Although such patients should not be excluded from surgery, their long-term prognosis remains poor.


As compared with chronic AR, acute AR is a medical emergency that often requires immediate surgical intervention. The causes of acute AR include infective endocarditis, traumatic rupture of the aortic leaflets, aortic root dissection, and acute dysfunction of a prosthetic valve. Acute AR is the result of hemodynamic instability because the left ventricle is unable to dilate to accommodate the increased diastolic volume, resulting in decreased effective forward flow. Left ventricular and left atrial pressures rise quickly, leading to pulmonary congestion.


Patients with acute AR often exhibit symptoms and signs of cardiogenic shock. The patient is usually pale with cool extremities as a result of peripheral vasoconstriction. The pulse is weak and rapid, and the pulse pressure is normal or decreased. The murmur of acute AR is low pitched and short because of rapid equilibration of aortic and left ventricular pressures during diastole. An S3 gallop is often present. Echocardiography is useful to assess AR severity and to determine its cause and can be quickly performed at the bedside in the patient who is acutely ill.


The medical treatment of acute AR includes vasodilator therapy and diuretics if the blood pressure is stable. In patients who are hemodynamically compromised, inotropic support and vasopressors may be necessary. For most patients with acute AR, urgent valve replacement remains the treatment of choice. Intra-aortic balloon counterpulsation is relatively contraindicated because it may worsen AR severity.









Mitral Stenosis


MS occurs when thickening and immobility of the mitral leaflets impede flow from the left atrium to the left ventricle. Rheumatic fever is by far the most common cause of MS. Rarely, congenital abnormalities, connective tissue disorders, left atrial tumors, and overly aggressive surgical repair of a regurgitant valve may lead to obstruction of the mitral valve. Two thirds of patients with MS are women. The pathologic changes that occur with rheumatic MS include fusion of the leaflet commissures and thickening, fibrosis, and calcification of the mitral leaflets and chordae. These changes occur over many years before dysfunction becomes hemodynamically important.


The initial hemodynamic change that occurs with MS is an elevated left atrial pressure created by obstruction to left ventricular inflow (Fig. 8-2). This pressure change is transmitted back to the pulmonary venous system and may result in pulmonary congestion. Initially, this change may only occur at more rapid heart rates, such as with exercise or atrial arrhythmias, when higher left atrial pressures develop during the shortened diastolic period. As the MS becomes more severe, left atrial pressure remains elevated even at normal heart rates, and symptoms related to elevated pulmonary venous pressures may be present at rest. Chronic elevations in pulmonary venous pressures may lead to an increase in pulmonary vascular resistance and pulmonary arterial pressures. If the MS is not corrected, irreversible changes in the pulmonary vasculature may occur, and signs and symptoms of right ventricular heart failure may develop. In contrast, left ventricular filling pressures are usually normal or low with mild to moderate MS. As the stenosis becomes severe, filling of the left ventricle is impaired, and stroke volume and cardiac output are reduced.





[image: image]

Figure 8-2 Graphic illustration of the relationship between the diastolic gradient across the mitral valve and the flow through the mitral valve. As the mitral valve becomes more stenotic, the pressure gradient across the mitral valve must increase to maintain flow into the left ventricle. When the mitral valve area is 1 cm2 or less, the flow rate into the left ventricle cannot be significantly increased, despite a significantly elevated pressure gradient across the mitral valve.


(Adapted from Wallace AG: Pathophysiology of cardiovascular disease. In Smith LH Jr, Thier SO [eds]: The International Textbook of Medicine, vol 1. Philadelphia, WB Saunders, 1981, p 1192.)





Patients with MS of rheumatic origins usually develop symptoms during the third or fourth decade of life. Dyspnea, orthopnea, and atrial fibrillation are the most common symptoms. Some patients may have sudden hemoptysis secondary to rupture of the dilated bronchial veins (pulmonary apoplexy) or blood-tinged sputum associated with pulmonary edema. Peripheral embolism from left atrial thrombus may also occur, even in the absence of atrial fibrillation. In long-standing, severe MS, patients may develop peripheral edema secondary to elevated right ventricular pressures and right ventricular dysfunction. Compression of the left recurrent laryngeal nerve from a severely dilated left atrium may result in hoarseness (Ortner syndrome).


On physical examination, S1 is loud early in the course of MS because the leaflets remain fully open throughout diastole and then quickly close (see Table 8-2). As the leaflets become more calcified and immobile, S1 will become softer or completely absent. The opening snap is a high-pitched sound after the S2 and reflects the abrupt mitral valve opening. As the MS becomes more severe, the interval between the S2 and opening snap becomes shorter because left atrial pressure exceeds left ventricular pressure earlier in diastole. The characteristic low-pitched rumbling murmur of MS is best heard at the left ventricular apex with the patient in the left lateral decubitus position. The murmur is loudest in early diastole when rapid ventricular filling occurs. If sinus rhythm is present, the murmur may increase in intensity after atrial contraction (presystolic accentuation). In some patients, the murmur may only be heard at times of increased blood flow through the mitral valve, such as after exercise. If pulmonary artery pressures are elevated, a palpable P2 may be detected at the upper left sternal border. On auscultation, the pulmonic component of S2 is prominent and a right ventricular gallop may be present.


Echocardiography is the most useful tool for pathologic assessment of the mitral apparatus as well as the severity of the stenosis. The characteristic rheumatic deformity observed with two-dimensional imaging is doming (i.e., hockey stick deformity) of the anterior mitral valve leaflet, which is secondary to fusion of the commissures and tethering of the leaflet tips (Fig. 8-3). In addition, the mobility of the leaflets and the extent of valvular calcification can be assessed and used to determine treatment options. Doppler techniques allow calculation of the mitral valve area and the transvalvular gradient. Transesophageal echocardiography is a useful tool for studying the mitral apparatus and examining the left atrium for thrombus before percutaneous valvuloplasty.
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Figure 8-3 Example of hockey stick deformity of mitral valve in chronic rheumatic heart disease as visualized by echocardiography. Tips of anterior mitral valve leaflet (AMVL) are tethered, thus restricting opening of the valve. Posterior mitral valve leaflet (PMVL) is thickened and has reduced mobility. Left atrium (LA) is characteristically enlarged.




The severity of MS and associated hemodynamic changes can also be evaluated with cardiac catheterization. Measurements of the cardiac output and transvalvular gradient can be used to calculate the valve area by means of the Gorlin formula. A normal mitral valve area is 4 to 6 cm2, and critical MS is defined as a valve area less than 1 cm2.


Patients with mild to moderate MS can usually be managed medically. Heart rate control is imperative in these patients because more rapid rates reduce the length of the diastolic filling period. This is especially true in patients with atrial fibrillation, in whom loss of atrial contraction may further reduce left ventricular filling. Anticoagulant therapy is indicated for patients with atrial fibrillation and for those with sinus rhythm who have had prior embolic events or who have moderate to severe MS. Diuretics are useful in relieving pulmonary congestion and signs of right ventricular heart failure. All patients should be instructed on the importance of endocarditis prophylaxis. Prophylaxis against recurrent bouts of rheumatic fever may be used in patients younger than 30 years.


Patients with severe symptoms (New York Heart Association classes III through IV) and moderate to severe MS should be considered for a percutaneous or surgical intervention. Percutaneous balloon valvuloplasty is a new technique in which a balloon catheter positioned across the mitral valve is quickly inflated, resulting in separation of the fused cusps. Optimal short- and long-term results are obtained in patients with pliable, noncalcified leaflets and chords, minimal mitral regurgitation (MR), and no evidence of left atrial thrombus. A surgical option in this same group of patients is open mitral valve commissurotomy. With direct visualization of the mitral valve, the surgeon is able to débride the valve, separate the fused cusps, and remove left atrial thrombi. Although the valve remains abnormal, this procedure is associated with a low operative mortality and a good hemodynamic result and may spare the patient from a valve replacement for many years. If mitral commissurotomy is not an option, valve replacement with a bioprosthetic or mechanical prosthesis can be performed.









Mitral Regurgitation


MR can result from abnormalities of the mitral leaflets, annulus, chordae, or papillary muscles (see Table 8-1). The most common leaflet abnormality resulting in chronic MR is myxomatous degeneration of the mitral valves. This condition results in mitral valve prolapse (MVP), which progresses as the chordae become elongated or rupture (Fig. 8-4). Both acute and chronic rheumatic fever may also cause MR.
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Figure 8-4 Typical example of mitral valve prolapse is visualized with transthoracic echocardiography. A, Prolapse of the posterior mitral valve leaflet (PMVL) behind the mitral valve annular plane results from lengthening and rupture of chordae tendineae. In this patient, a highly eccentric (blue) jet of moderate-to-severe mitral regurgitation is observed (B). AMVL, anterior mitral valve leaflet; LV, left ventricle.




With chronic MR, the left ventricle dilates to compensate for the increased regurgitant volume. However, in contrast to aortic insufficiency, the increased volume is ejected into the low-pressure left atrium. Thus, left ventricular wall stress and pressure remain normal for a significant period. If the left atrium dilates sufficiently to accommodate the increased volume, left atrial and pulmonary venous pressures will remain normal. As the MR progresses, myocyte damage may occur, resulting in further left ventricular dilation, an elevation in diastolic filling pressures, and a reduction in left ventricular systolic function. As left atrial and pulmonary venous pressures increase, pulmonary congestion may occur.


Patients with chronic compensated MR are usually asymptomatic and have normal functional capacity. When symptoms do occur, left ventricular systolic function is sometimes depressed. Patients may initially complain of fatigue and dyspnea with exertion secondary to reduced cardiac output and elevation in pulmonary venous pressures. If the MR remains untreated, pulmonary hypertension and right ventricular heart failure may occur.


MR characteristically produces a holosystolic murmur best heard at the apex and radiating to the axilla and back (see Table 8-2). If an eccentric, anteriorly directed jet of MR is present, an ejection-quality murmur may be present and confused with an aortic outflow murmur. If the MR is secondary to MVP, a mid-systolic click may be present, followed by a late systolic murmur. MR associated with rheumatic mitral disease may be accompanied by heart sounds typical of MS.


Echocardiography is the primary noninvasive method for defining mitral valve pathologic evaluation and assessing left ventricular size and function. Doppler techniques are useful in grading the severity of MR. Quantitative echocardiographic measures of MR severity are predictive of long-term survival, even in patients who are asymptomatic. Mitral valve repair appears to normalize the survival curves in this group of patients. MR can also be assessed during cardiac catheterization by estimating the amount of contrast medium that is ejected into the left atrium during left ventriculography. In addition, left ventricular size and systolic function can be quantitated, filling pressures can be measured, and the coronary anatomy can be defined.


The medical treatment of patients with compensated chronic MR is afterload reduction with vasodilator therapy, such as ACE inhibitors or hydralazine. The timing of surgery is difficult because the development of symptoms often indicates the presence of left ventricular dysfunction and irreversible myocardial damage. In addition, mitral valve replacement with disruption of the chordal apparatus often results in further left ventricular dilation and decline in systolic function.


Echocardiographic parameters that identify patients at risk for a poor response to mitral valve replacement are a left ventricular end-diastolic diameter greater than 70 mm, an end-systolic diameter greater than 45 mm, and a low-normal or reduced left ventricular ejection fraction. Patients with known MR should be followed with yearly studies to monitor left ventricular function and size so that surgery can be performed before irreversible myocyte damage and left ventricular remodeling occur. The development of either atrial fibrillation or pulmonary hypertension may be an indication for earlier surgical intervention, even if left ventricle size and function are still normal.


In many patients, the mitral valve may be repaired, thus avoiding many of the potential complications associated with valve replacement. With this surgery, sections of redundant leaflet can be excised, leaflets débrided, and chordae shortened. A prosthetic ring (annuloplasty) can be sewn into the mitral annulus to reduce the size of the orifice and increase the degree of leaflet coaptation. The advantage of this procedure is that preservation of the mitral apparatus helps maintain normal left ventricular geometry and function. In addition, long-term anticoagulation is not necessary in most patients in sinus rhythm. Valve repair is generally not indicated if the mitral valve is heavily calcified or disrupted secondary to papillary muscle disease or endocarditis. In these instances, valve replacement is the procedure of choice.


Based on excellent surgical outcomes and long-term durability, mitral valve repair is the procedure of choice in all patients in whom it is technically feasible. Severe MR, even in the absence of symptoms or left ventricular dysfunction, may be an appropriate reason for surgical intervention. A variety of percutaneous mitral valve repair techniques are in development.


Acute severe MR is often a life-threatening condition that can result from a variety of papillary muscle, chordal, and leaflet abnormalities (see Table 8-1). Patients with acute MR usually become severely ill because the left atrium does not dilate to accommodate the regurgitant volume. As a result, left atrial and pulmonary venous pressures abruptly increase, resulting in pulmonary congestion. In addition, the decreases in stroke volume and cardiac output result in an increase in systemic vascular resistance and, as a consequence, an increase in the severity of MR. Patients usually exhibit pulmonary edema and signs of cardiogenic shock. On auscultation, the MR murmur is often a soft, low-pitched sound in early systole, resulting from rapid equilibration of left ventricular and left atrial pressures. Afterload reduction with either an intravenous vasodilator, such as nitroprusside, or an intra-aortic balloon pump may help stabilize the patient before urgent valve replacement surgery. Ischemia of the posterior wall or papillary muscles may cause acute but transient MR.









Mitral Valve Prolapse


MVP is reported to be present in about 1% to 3% of the population. Although MVP can be observed in all ages and in both sexes, epidemiologic studies suggest that the prevalence is greater in women than it is in men. In some patients, MVP is inherited as an autosomal dominant trait with variable penetrance.


MVP is present when superior displacement in ventricular systole of one or both mitral valve leaflets exists across the plane of the mitral annulus toward the left atrium (see Fig. 8-4). Primary or classic MVP occurs when myxomatous degeneration of the mitral valve occurs without evidence of systemic disease. Secondary MVP is also characterized by myxomatous degeneration of the mitral apparatus but in the presence of a recognizable systemic or connective tissue disease, such as Marfan syndrome or systemic lupus erythematosus. Functional MVP results from structural abnormalities of the mitral annulus or papillary muscles or reduced left ventricular volume, but the mitral leaflets are anatomically normal.


Most patients with MVP are asymptomatic. Although a variety of nonspecific symptoms have been associated with MVP (e.g., chest pain, palpitations, dizziness, anxiety [MVP syndrome]), the frequency of these symptoms is no different from that in the general population. MVP may be associated with varying degrees of MR. MR severity is probably the main determinant of long-term complications. The characteristic physical examination finding in MVP is the mid-systolic click, followed by a late systolic murmur (see Table 8-2). The auscultatory findings of MVP are subtle and are greatly affected by changes in left ventricular volume. Maneuvers that reduce left ventricular volume will result in prolapse of the redundant leaflets early in systole; as a result, the click will occur early in systole, and the MR murmur will sound more holosystolic. If left ventricular volume is increased, the click will be heard late in systole, followed by a short systolic murmur. The diagnosis of MVP is usually confirmed by echocardiography, which allows examination of the mitral apparatus and determination of the MR severity.


Most patients with mild prolapse and insignificant MR are asymptomatic and require no specific intervention. Endocarditis prophylaxis is generally recommended only if mild or greater MR exists. However, in some individuals, the MR may progress to such a degree that serial examinations and echocardiograms are necessary to monitor MR severity and left ventricular function. Middle-aged and older men and patients with asymmetrical prolapse are at highest risk for developing complications from MVP, such as severe MR and endocarditis. MR that acutely worsens may be related to rupture of the chordae tendineae. Sudden death in the absence of hemodynamically significant MR is rare.


Patients with MVP and evidence of structural leaflet abnormalities or significant MR should receive endocarditis prophylaxis. Symptomatic arrhythmias should be treated as discussed in Chapter 10. For patients with severe MR, mitral valve repair or replacement may be indicated as discussed earlier (see “Mitral Regurgitation”).









Tricuspid Stenosis


Tricuspid stenosis is most often rheumatic in origin and is usually associated with mitral or aortic disease. Other rare causes include carcinoid syndrome, congenital valve abnormalities, and leaflet tumors or vegetations.


Similar to MS, tricuspid stenosis is more common in women than it is in men and tends to be a slowly progressive disease. Patients generally exhibit symptoms and signs of right ventricular heart failure, such as fatigue, abdominal bloating, and peripheral edema. On physical examination, a prominent jugular venous a wave may be present if the patient is in sinus rhythm and may be confused with an arterial pulsation. In addition, a palpable presystolic pulsation coinciding with atrial contraction may be felt on palpation of the liver. On auscultation, the findings of tricuspid stenosis may not be detected secondary to the presence of mitral and aortic valve disease. However, an opening snap may be audible at the left sternal border, followed by a soft, high-pitched diastolic murmur. In contrast to MS, the murmur of tricuspid stenosis is shorter in duration and accentuated with inspiration.


Tricuspid stenosis can be diagnosed by echocardiography or right ventricular catheterization. Because the right heart is a low-pressure system, the mean gradient across the tricuspid valve may be quite small (5 mm Hg) yet still clinically important.









Tricuspid Regurgitation


Tricuspid regurgitation (TR) is most often secondary to dilation of the right ventricle and tricuspid annulus that may occur with right ventricular heart failure of any cause. Other causes include endocarditis, carcinoid syndrome, congenital abnormalities, and chest wall trauma.


In the absence of pulmonary hypertension, TR is usually well tolerated. However, if right ventricular dysfunction is present, patients usually have symptoms of right ventricular heart failure. On physical examination, the jugular veins are distended, and a prominent v wave is usually present. Hepatic congestion is common and often associated with a palpable systolic pulsation. The murmur of TR is high pitched and pansystolic and is best heard along the sternal border. Maneuvers that increase venous return, such as inspiration or leg raising, accentuate the murmur and are helpful in differentiating TR from MR or aortic outflow tract murmurs. If the TR is acute, the murmur is usually soft and present only during early systole.


TR related to pulmonary hypertension and right ventricular dysfunction will usually significantly improve with treatment of the underlying cause. Repair of the tricuspid annulus (annuloplasty) may restore tricuspid valve competence in patients with persistent symptoms despite treatment. In individuals with a primary leaflet pathologic condition, tricuspid valve replacement may be necessary.









Pulmonic Stenosis and Regurgitation


Pulmonic stenosis is most often congenital in origin and is discussed further in Chapter 7. Rheumatic deformity of the pulmonic valve is rare and not usually associated with hemodynamically important obstruction.


Pulmonic regurgitation is most often the result of dilation of the annulus secondary to pulmonary hypertension of any cause. Symptoms are usually related to the primary disease and in most cases are secondary to right ventricular heart failure. In this setting, the murmur of pulmonic regurgitation is a high-pitched, blowing murmur best heard at the second left intercostal space (Graham Steell murmur). In the absence of pulmonary hypertension, the murmur is usually low pitched and occurs late in diastole. Treatment is usually directed at the underlying cause of the pulmonary hypertension. Rarely and usually in the setting of congenital or previously repaired pulmonic valve disease, the valve will need to be replaced because of intractable right ventricular heart failure.









Multivalvular Disease


Multivalvular disease is common, especially in patients with rheumatic heart disease and in the older adult population. Often, regurgitant lesions, such as TR and pulmonic regurgitation, are the result of another valve lesion, such as MS in association with pulmonary hypertension. In general, symptoms are most often related to the most proximal valve lesion. However, the severity of each individual lesion may be difficult to assess clinically, and, therefore, careful evaluation with echocardiography and right and left ventricular heart catheterization is necessary to assess valve function before any planned surgery. Failure to correct all significant valvular lesions may result in a poor clinical outcome. Double valve replacement is associated with a higher operative and long-term mortality than single valve replacement.









Rheumatic Heart Disease


Acute rheumatic fever (ARF) is the sequelae of group A β-hemolytic streptococcal infection. The disease is thought to be secondary to an abnormal immunologic response to the streptococcal infection. ARF usually occurs in children 4 to 9 years of age, with boys and girls being equally affected. Although the prevalence of this disease has significantly decreased in the United States over the past several decades, it still poses a major health care problem in many developing nations, and endemic outbreaks have been identified even in the United States.


ARF is characterized by a diffuse inflammation of the heart (pancarditis). An exudative pericarditis is common and often results in fibrosis and obliteration of the pericardial sac. Constrictive pericarditis is rare. The myocardium is often infiltrated with lymphocytes, and areas of necrosis may occur. The characteristic histologic finding in the myocardium is the Aschoff body, which is a confluence of monocytes and macrophages surrounded by fibrous tissue. Valvulitis is characterized by verrucous lesions on the leaflet edge, which are composed of cellular infiltrates and fibrin. The mitral valve is most frequently involved, followed by the aortic valve. Involvement of the tricuspid or pulmonic valve is rare. Valvulitis can be recognized by the presence of a new insufficiency murmur. Aortic stenosis and MS do not occur for many years, when progression of the fibrosis results in restricted leaflet mobility.


The presentation of ARF is usually an acute, febrile illness 2 to 4 weeks after a streptococcal pharyngitis infection. Because the diagnosis of ARF cannot be made by laboratory tests alone, guidelines based on the symptoms and a physical examination have been established (modified Jones criteria) (Table 8-3). A diagnosis of ARF can be made if two major, or one major and two minor, criteria are present after a recent, documented streptococcal pharyngitis infection. Major criteria include evidence of carditis (e.g., pleuritic chest pain, friction rub, heart failure, MR), polyarthritis, chorea, erythema marginatum, and subcutaneous nodules. Minor criteria include fever, arthralgia, and a history of rheumatic fever or known rheumatic heart disease.


Table 8-3 Revised Jones Criteria






	Major Criteria






	


Carditis (pleuritic chest pain, friction rub, heart failure)



Polyarthritis



Chorea



Erythema marginatum



Subcutaneous nodules









	Minor Criteria






	


Fever



Arthralgia



Previous rheumatic fever or known rheumatic heart disease










Once the diagnosis is established, a course of therapy with penicillin is indicated to eradicate the streptococcal infection. Salicylates are effective for the treatment of fever and arthritis. Corticosteroids and immunosuppressive therapy have not been proved beneficial in the management of the carditis. Heart failure should be treated with standard therapy.


Recurrent attacks of rheumatic fever are common, especially during the first 5 to 10 years after the primary illness. Rheumatic fever prophylaxis should be continued during this period, and for 10 years in patients with a high exposure rate to streptococcal infection (e.g., health care professionals, child care workers, military recruits). Patients with significant rheumatic heart disease should receive prophylaxis indefinitely, considering the high rate of recurrence in these individuals. The recommended therapy for prophylaxis is an intramuscular injection of 1.2 million units of benzathine penicillin monthly. Alternatively, oral penicillin or erythromycin may be used. Noncompliance with these agents reduces the effectiveness of this mode of therapy.









Prosthetic Heart Valves


Two types of artificial heart valves are available: mechanical valves (tilting disk and bi-leaflet) and tissue valves (bioprostheses) (Fig. 8-5). The mechanical valves have a favorable hemodynamic profile and are extremely durable. However, mechanical valves carry a high thromboembolic risk and require long-term anticoagulation. Bioprosthetic use is less likely to be complicated by thromboembolic disease, but the durability of the valve is significantly less than with mechanical valves, especially in young patients. The type of prosthesis used in a particular patient is dependent on multiple factors, including the patient’s age, suitability for long-term anticoagulation, and valve position. The American College of Cardiology/American Heart Association guidelines are available for anticoagulation therapy in patients with prosthetic heart valves. All patients with mechanical valves require warfarin therapy. Aspirin (75 to 100 mg/day) is recommended as sole long-term therapy in patients with biologic prosthetic valves and in combination with warfarin in patients with mechanical valves. Warfarin is recommended during the first 3 months after surgery in patients receiving biologic prostheses. The INR should be maintained at 2.3 to 3 in low-risk patients with mechanical aortic valves. High-risk features (e.g., atrial fibrillation, left ventricular dysfunction, previous thromboembolism, and hypercoagulable state) should lead to an INR goal of 2.5 to 3.5 in patients with mechanical AVR. The INR should be maintained at 2.5 to 3.5 in all patients with mechanical mitral valves.





[image: image]

Figure 8-5 Designs and flow patterns of major categories of prosthetic heart valves: caged ball, caged disk, tilting disk, bi-leaflet tilting disk, and bioprosthetic (tissue) valves. Whereas flow in mechanical valves must course along both sides of the occluder, bioprostheses have a central flow pattern.


(From Schoen FJ, Titus JL, Lawrie GM: Bioengineering aspects of heart valve replacement. Ann Biomed Eng 10:97-128, 1982; Schoen FJ: Pathology of cardiac valve replacement. In Morse D, Steiner RM, Fernandez J [eds]: Guide to Prosthetic Cardiac Valves. New York, Springer-Verlag, 1985, p 208.





Replacement of a diseased valve with an artificial valve results in a new set of potential risks and complications with the prosthesis. All valve prostheses result in some degree of stenosis because the effective valve orifice is smaller than that of the native valve. Thrombosis or calcification of the prosthetic valve can result in prosthetic dysfunction and hemodynamically important stenosis. Prosthetic valve insufficiency can result from perivalvular leaks in the area of the sewing ring. With bioprosthetic valves, deterioration of the prosthetic valve leaflets can lead to valve insufficiency and stenosis. Hemolysis is a frequent complication of the older mechanical valves (e.g., ball cage, disk cage) and can occur with present-day prostheses if turbulent flow associated with prosthetic valve dysfunction exists, especially regurgitation. Endocarditis remains a potential complication in all patients with prosthetic valves. The guidelines for endocarditis prophylaxis are provided later (see “Endocarditis Prophylaxis”).


Evaluation of prosthetic valve function is best performed with two-dimensional and Doppler echocardiographic techniques. Transesophageal echocardiography is particularly useful in studying prosthetic valves when thrombosis or endocarditis is suggested. Mechanical valves can be assessed with fluoroscopy to determine whether leaflet excursion is normal. Gated cardiac computed tomography may also be helpful (Fig 8-6; Web Fig 8-1 [image: image]).





[image: image]

Figure 8-6 Images of mechanical heart valves obtained with gated cardiac CT. Maximum intensity projection of bileaflet tilting disk mechanical aortic prosthesis in closed (A) and open (B) positions. Dynamic images of this valve can be seen on Web Figure 8-1 [image: image]. (C) Volume-rendered image showing closed, single-leaflet aortic valve and open bi-leaflet tilting disk mitral valve in diastole. Both valves were clearly seen to open and close normally on the dynamic line images. This patient had suspected prosthetic valve dysfunction that was incompletely evaluated by both fluoroscopy and transesophageal echocardiography.











Endocarditis Prophylaxis


Patients with valvular heart disease and prosthetic heart valves are at increased risk for developing endocarditis (Table 8-4) (see Chapter 100). In the past, endocarditis prophylaxis was widely recommended for abnormal valves. However, recently updated guidelines reflect the fact that only an extremely small number of cases of infective endocarditis may be prevented by antibiotic prophylaxis, even if it were 100% effective. Infective endocarditis is more likely to result from frequent exposure to random bacteremia associated with daily activities than from bacteremia caused by a dental, gastrointestinal tract, or genitourinary procedure. Lastly, the risk for antibiotic-associated adverse events exceeds the benefit (if any) of prophylactic therapy. The role of antibiotic prophylaxis is to prevent infection of the abnormal valve during procedures that are associated with transient bacteremia (Table 8-5). The flora commonly found in the part of the body being instrumented determines the choice of antibiotics. All patients with known valve disease or prosthetic heart valves should carry a card indicating the nature of their valve lesion and the type of endocarditis prophylaxis recommended.


Table 8-4 Cardiac Conditions in which Antibiotic Prophylaxis Is Recommended






	


Prosthetic heart valves



Previous bacterial endocarditis



Congenital cardiac malformations (class IIa)



Unrepaired cyanotic



Repaired with residual shunt



First 6 months after repair with prosthetic material



Cardiac transplant recipients with valve regurgitation due to structurally abnormal valve










Table 8-5 Dental and Surgical Procedures in which Endocarditis Prophylaxis Is Recommended






	


For patients with the underlying cardiac conditions shown in Table 8-4, prophylaxis is reasonable for all dental procedures that involve manipulation of either gingival tissue or the periapical region of teeth or perforation of oral mucosa.



Prophylaxis is not recommended solely on the basis of an increased lifetime risk for acquisition of infective endocarditis.



Administration of antibiotics solely to prevent endocarditis is not recommended for patients who undergo a genitourinary or gastrointestinal tract procedure.










The Committee on Rheumatic Fever, Endocarditis, and Kawasaki Disease of the American Heart Association does not recommend routine antibiotic prophylaxis in patients with valvular heart disease undergoing uncomplicated vaginal delivery or caesarean section unless infection is suspected. Antibiotics are optional for high-risk patients with prosthetic heart valves, a previous history of endocarditis, complex congenital heart disease, or a surgically constructed systemic-pulmonary conduit.





Prospectus for the Future


Infectious disease such as ARF as the principal cause of acquired valvular heart disease will continue to decline worldwide. For isolated mitral valvular stenosis, for example, percutaneous approaches by a skilled operator will become the standard and the preferred treatment modality over a surgical procedure. Aortic and mitral regurgitation caused by degenerative and other acquired diseases will create the major morbidity and mortality rates with advancing age. In the next decade, rapid advances in percutaneous approaches to address mitral regurgitation and aortic stenosis may radically change our practice and strategies for treating these conditions.
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Chapter 9 Coronary Heart Disease




Andrew D. Michaels









Epidemiology


Coronary heart disease (CHD) is the leading cause of death in the industrialized world. Apart from its influence on mortality, it causes substantial morbidity, disability, and loss of productivity. With improvements in diagnosis, prevention, and treatment, the mortality rate from CHD has declined gradually over the past several decades. Nonetheless, 1.2 million people have a myocardial infarction (MI) or fatal cardiac event each year in the United States alone. Nearly half of all deaths in industrialized nations and 25% of those in developing countries are due to CHD. By the year 2020, CHD is predicted to surpass infectious disease as the world’s leading cause of death and disability.









Pathophysiology of Atherosclerosis


In the industrialized world, atherosclerosis often begins in the early decades of life. One in six American teenagers dying accidentally has pathologic evidence of coronary atherosclerosis. Several processes contribute to the initiation and progression of atherosclerosis, including accumulation of lipoproteins, endothelial injury, and inflammation.


In the early phase of atherosclerosis, small lipoprotein particles penetrate the vascular endothelium, where they are oxidized and coalesce into aggregates in the intimal layer. This process is accelerated at sites of endothelial injury, which may be caused or accelerated by systemic hypertension, hypercholesterolemia, cigarette smoking, or excessive sheer forces. The accumulation of intimal lipid aggregates stimulates the expression of adhesion molecules (e.g., intracellular adhesion molecule-1, vascular cell adhesion molecule-1, selectins) on the luminal surface of the endothelial cells, thereby enabling them to bind circulating monocytes (e.g., macrophages). The adherent monocytes intercalate between the endothelial cells into the intimal layer in response to chemokines and cytokines produced by endothelial and medial smooth muscle cells. The intimal monocytes ingest the lipoprotein aggregates to become lipid-filled monocytes, or foam cells. Aggregates of these foam cells make up the earliest visible evidence of atherosclerosis, or the fatty streak.


Foam cells replicate and release proinflammatory mediators, thereby perpetuating the local inflammatory process with resultant lesion progression. In addition, they release enzymes that cause endothelial denudation. Because the endothelium is involved in the control of vascular tone through its production of vasodilating substances such as prostacyclin and nitric oxide (e.g., endothelium-derived relaxing factor) and thrombosis, injury to these cells impairs vasodilation and creates a local prothrombotic state. Circulating platelets adhere to sites of endothelial injury and release growth factors, which stimulate the migration and proliferation of smooth muscle cells and fibroblasts from the media. This leads to formation of a fibrous cap over the lipid-rich core (Web video 1—Coronary Atherosclerosis, [image: image] http://www.heartsite.com/html/cad.html).


As lipids continue to accumulate in the foam cells, they undergo necrosis and leave a remnant lipid pool in the core of the plaque. Metalloproteinase enzymes (e.g., collagenase, gelatinase) released by macrophages and mast cells in the plaque degrade collagen and extracellular matrix proteins adjacent to the lipid pool, whereas cytokines (e.g., interferon-α) released by T lymphocytes inhibit the formation of collagen by vascular smooth muscle cells. This combination of increased collagen degradation and decreased collagen production creates a vulnerable plaque, which is predisposed to fissure or rupture. Such vulnerable plaques have a lipid-laden core and a thin, weakened fibrous cap. When the thin fibrous cap fissures or ruptures, highly thrombogenic collagen and lipid are exposed to circulating blood with resultant adhesion of platelets and formation of an intraluminal thrombus. Activated platelets release substances (e.g., thromboxane, serotonin) that promote vasoconstriction and thrombus propagation. When the extent of platelet aggregation and thrombosis is sufficient to impair blood flow (partially or completely), an acute coronary event (unstable angina, non–ST-segment elevation myocardial infarction [NSTEMI] or ST-segment elevation myocardial infarction [STEMI]) occurs.


When the atherosclerotic plaque is covered with a thick fibrous cap, rupture is less likely, but the plaque may gradually increase in size. As plaque volume increases, the coronary arterial lumen is compromised, and blood flow is impaired (Fig. 9-1). The hemodynamic significance of plaque is determined by the length and severity of the luminal narrowing; in general, a 70% decrease in the luminal diameter of a coronary artery limits blood flow in the presence of increased myocardial oxygen demands (e.g., exercise, emotional excitement), leading to the clinical condition of exertional angina. A 90% decrease in luminal diameter is sufficient to limit flow even when myocardial oxygen demands are normal. For intermediate-severity lesions with a diameter stenosis between 40% and 70%, assessing the hemodynamic significance of the stenosis with either fractional flow reserve (FFR; ratio of the mean coronary pressure distal to the stenosis [acquired by a micromanometer pressure transducer on a coronary angioplasty guidewire] divided by the mean arterial pressure proximal to the stenosis) or stress testing may help determine the requirement for coronary revascularization.





[image: image]

Figure 9-1 Angiograms of the right coronary artery. A, Discrete stenosis is observed in the middle segment of the artery (arrow). B, Same artery is shown after successful balloon angioplasty of the stenosis and placement of an intracoronary stent.











Risk Factors


Several risk factors for the development of atherosclerosis have been identified (Table 9-1). Nonmodifiable risk factors include (1) advanced age, (2) male sex, and (3) family history of premature atherosclerosis. The prevalence of coronary artery disease (CAD) increases with age. At any given age, the prevalence is higher in men than in women. On average, the clinical manifestations of CAD become evident about 10 years later in women than in men. A family history of premature atherosclerosis (occurring in men before age 55 years and in women before age 65 years) increases the risk for atherosclerosis in an individual, likely as a result of environmental factors (e.g., dietary habits, cigarette smoking) and a genetic predisposition to the disease.


Table 9-1 Risk Factors and Markers for Coronary Artery Disease






	Nonmodifiable Risk Factors






	


Age



Male sex



Family history of premature coronary artery disease









	Modifiable Independent Risk Factors






	


Hyperlipidemia



Hypertension



Diabetes mellitus



Metabolic syndrome



Cigarette smoking



Obesity



Sedentary lifestyle



Heavy alcohol intake









	Markers






	


Elevated lipoprotein(a)



Hyperhomocysteinemia



Elevated high-sensitivity C-reactive protein (hsCRP)



Coronary arterial calcification detected by electron-beam computed tomography (EBCT) or multidetector computed tomography (MDCT)










Other risk factors are modifiable, and their treatment may decrease the risk for atherosclerosis. These modifiable risk factors include hyperlipidemia, hypertension, diabetes mellitus, metabolic syndrome, cigarette smoking, obesity, sedentary lifestyle, and excessive alcohol intake. Although several definitions of the metabolic syndrome have been endorsed, the definition adopted by the National Cholesterol Education Program Adult Treatment Panel requires at least three of the following five criteria: waist circumference more than 102 cm in men and more than 88 cm in women; triglyceride level 150 mg/dL or higher; high-density lipoprotein (HDL) cholesterol level lower than 40 mg/dL in men and lower than 50 mg/dL in women; blood pressure 130/85 mm Hg or higher; and serum glucose 110 mg/dL or higher. Using these criteria, nearly 25% of the U.S. population has metabolic syndrome. Finally, markers associated with an increased incidence of CAD include lipoprotein(a), hyperhomocysteinemia, high-sensitivity C-reactive protein (hsCRP), and coronary arterial calcification.


Lipids play a central role in the atherosclerotic process, and elevated levels of cholesterol, primarily low-density lipoprotein (LDL) cholesterol, are associated with accelerated atherosclerosis (Web video 1—Coronary Atherosclerosis, [image: image] http://www.heartsite.com/html/cad.html). HDL cholesterol, by contrast, functions as a protective agent, and its serum level is inversely related to the risk of CAD. Elevated triglycerides are often associated with reduced levels of HDL cholesterol and are an independent risk factor for CAD. Large trials of lipid-lowering therapy have demonstrated the effectiveness of cholesterol reduction in the primary and secondary prevention of CAD.


Systemic hypertension, defined as a systolic arterial pressure greater than 140 mm Hg or a diastolic pressure greater than 90 mm Hg, increases the risk for CAD. The risk increases proportionally with the extent of blood pressure elevation, and proper treatment of hypertension reduces the risk.


Diabetes mellitus increases both the risk for developing CAD and the mortality associated with it. Although CAD is the leading cause of death in adult patients with diabetes, tight glycemic control has not been shown to reduce the risk. Diabetes mellitus often co-exists with other risk factors, including dyslipidemia (elevated triglyceride level, low HDL level), hypertension, and obesity. This grouping of risk factors has been termed the metabolic syndrome, and its presence identifies a person at increased risk for having or developing atherosclerotic disease.


Cigarette smoking has adverse effects on the lipid profile, clotting factors, and platelet function and is associated with a twofold to threefold increase in the risk for CAD. Cessation of smoking reduces the excess risk for a coronary event by 50% within the first 1 to 2 years of quitting.


Obesity, defined as a body mass index greater than 30 kg/m2, is often associated with other risk factors (e.g., hypertension, dyslipidemia, glucose intolerance); in addition, obesity appears to be an independent risk factor for CAD. The distribution of body fat is important, with abdominal adiposity posing a substantially greater risk for CAD in both men and women.


Multiple observational studies have demonstrated an inverse relationship between the amount of physical activity and the risk for CAD. Although the ideal duration, frequency, and intensity of such physical activity have not been determined, numerous studies have shown that exercise is beneficial in healthy patients and those with or at risk for CAD.


Moderate alcohol intake (1 to 2 drinks daily) is associated with a reduction in the risk for cardiovascular events; in contrast, heavy alcohol intake increases cardiovascular mortality.


Lipoprotein(a) consists of LDL cholesterol linked to an apo(a) molecule. It has a homologic structure with plasminogen and interferes with the generation of plasmin, thereby creating a predisposition to thrombosis.


Elevated levels of homocysteine are associated with an increased risk for coronary, cerebral, and peripheral vascular disease. Hyperhomocysteinemia can be treated effectively with dietary folate supplementation. However, such treatments have not been shown to reduce the incidence of stroke or cardiovascular events in patients with elevated serum homocysteine levels.


CRP, a marker of inflammation, may indicate or contribute to an increased propensity for plaque rupture and thrombosis. Elevated serum CRP levels—when measured with the new high-sensitivity assays (i.e., hsCRP)—strongly correlate with the risks for MI, stroke, peripheral arterial disease, and sudden cardiac death. Levels of hsCRP lower than 1 mg/L are associated with a low risk for vascular events; levels of 1 to 3 mg/L pose an intermediate risk; levels greater than 3 mg/L create a high risk. In healthy patients without hyperlipidemia but with an hsCRP greater than 2 mg/L, statin therapy has been shown to reduce the risk for myocardial infarction, stroke, revascularization for unstable angina, and death from cardiovascular causes.


Coronary arterial calcification is a prominent feature of coronary atherosclerosis, and it correlates with the presence and severity of CAD. Electron-beam computed tomography (EBCT) or multidetector computed tomography (MDCT) can accurately quantify coronary calcification, thereby serving as screening tests for CAD in asymptomatic patients. Currently, the usefulness of EBCT or MDCT and hsCRP in the clinical setting is poorly defined. However, the finding of coronary calcification in patients without known CAD or risk factors for CAD may identify those who warrant aggressive risk factor modification.









Nonatherosclerotic Causes of Cardiac Ischemia


Although atherosclerosis is the most common disease affecting the coronary arteries, several nonatherosclerotic processes may produce myocardial ischemia or MI. Embolization from infective endocarditis, mural thrombi in the left atrium or ventricle, prosthetic valves, intracardiac tumors, or paradoxical emboli from the venous system across an atrial or a ventricular septal defect or pulmonary arteriovenous malformation may compromise coronary blood flow, leading to myocardial ischemia or MI. Chest wall trauma may result in coronary arterial dissection or thrombosis. Aortic dissection can propagate to the aortic root and occlude a coronary artery at its origin. Coronary arterial dissection may occur spontaneously during pregnancy or with connective tissue disorders such as Marfan syndrome or Ehlers-Danlos syndrome.


Several forms of arteritis may involve the coronary arteries, including syphilis, Takayasu arteritis, polyarteritis nodosa, systemic lupus erythematosus, and giant cell arteritis. These syndromes may result in obstruction, occlusion, or thrombosis of the coronary arteries. Kawasaki disease, a mucocutaneous lymph node syndrome, is a systemic disease of children that causes coronary vasculitis with resultant coronary aneurysms. Spontaneous in situ coronary thrombosis may occur in the setting of hematologic disorders (e.g., polycythemia vera, essential thrombocytosis, disseminated intravascular coagulation, sickle cell anemia, paroxysmal nocturnal hemoglobinuria). Congenital coronary anomalies may cause myocardial ischemia. Spontaneous coronary spasm (e.g., Prinzmetal vasospastic angina) with or without underlying CAD may cause myocardial ischemia or, rarely, MI. Cocaine use may result in myocardial ischemia or MI through several mechanisms, including coronary vasospasm, thrombosis, and accelerated atherosclerosis. An occasional patient treated with sumatriptan for migraine headaches or paclitaxel for cancer may experience MI in the absence of CAD.


In 10% to 20% of patients with suggested angina, coronary angiography reveals normal epicardial coronary arteries. In some of these individuals, microvascular or small vessel disease, the syndrome X, has been implicated. Studies have suggested that women have a higher prevalence of syndrome X compared with men presenting with possible acute coronary syndrome. The small resistance vessels in these patients, which are not visualized angiographically, have reduced vasodilatory capability. This dysfunction may lead to myocardial ischemia, as evidenced by exercise-related abnormalities on echocardiographic or nuclear scintigraphic studies. Some patients respond to treatment with common anti-anginal medications; although, in general, these drugs are less effective in patients with syndrome X than in those with atherosclerotic CAD.


Finally, myocardial ischemia may result when significant increases in the demand for myocardial oxygen exceed oxygen supply. Such an oxygen supply-demand imbalance may occur in individuals with thyrotoxicosis, aortic stenosis, aortic insufficiency, tachyarrhythmia, or sepsis. Diminished oxygen supply may occur as a result of acute blood loss, hypotension, severe anemia, or carbon monoxide poisoning.









Pathophysiology and Consequences of Myocardial Ischemia


In the normal myocardium, a balance between myocardial oxygen supply and demand is present at rest and during physical exertion or emotional excitement. In response to an increase in oxygen demand, an appropriate increase in oxygen supply maintains adequate tissue oxygenation. When oxygen demand increases in the setting of limited oxygen supply, myocardial ischemia results. At rest, the myocardium extracts most of the oxygen that is delivered to it through the coronary arteries. As a result, any increase in myocardial oxygen demand, as a result of an increase in heart rate, wall stress, or contractility, must be accompanied by a concomitant proportional increase in myocardial blood flow. Regulation of coronary blood flow occurs at the level of the arterioles and is dependent on autonomic tone and an intact, functioning endothelium.


Endothelial dysfunction secondary to atherosclerosis impairs the ability of the coronary arterioles to dilate when oxygen demands increase. In addition, when a flow-limiting stenosis is present in an epicardial coronary artery, the arterioles distal to the stenosis may already be maximally or nearly maximally dilated in the resting state. The inability of the arterioles to dilate and increase coronary arterial flow during periods of increased demand (e.g., decreased coronary vasodilator reserve) results in a supply-demand mismatch, with resultant ischemia and the clinical pattern of stable angina.


When myocardial oxygen supply cannot meet oxygen demand, myocardial ischemia occurs. This ischemia, in turn, initiates a series of pathophysiologic events. Regional myocardial hypoxia causes anaerobic glycolysis, lactate production, intracellular acidosis, and disordered calcium homeostasis. These intracellular changes induce abnormalities in myocardial relaxation, leading to reduced compliance and contraction, which cause regional wall motion abnormalities. Finally, electrocardiographic (ECG) evidence of ischemia (i.e., ST-segment depression or elevation) occurs, and angina pectoris ensues.


If myocardial ischemia is transient, the duration of the resultant mechanical dysfunction may be short. In contrast, more prolonged ischemia may produce myocardial stunning, hibernation, or even an MI. Myocardial stunning refers to a prolonged period (e.g., hours, days) of reversible myocardial dysfunction after an ischemic event. Hibernation occurs in the setting of chronic ischemia when oxygen delivery is adequate to maintain myocardial viability but inadequate to maintain normal function. The clinical importance of the hibernating state is that restoration of blood flow to the involved myocardium results in improved mechanical function.


Because of limited energy expenditure, conduction tissue is more resistant to ischemia than contractile tissue. Nevertheless, ischemia may result in altered ionic transport, altered autonomic tone, and injury to the conduction system, resulting in a variety of ischemia-induced arrhythmias and conduction abnormalities.









Angina Pectoris


For many years, patients with chronic, stable angina pectoris were believed to develop myocardial ischemia because of a transient increase in myocardial oxygen demand as a result of physical exertion or emotional excitement in the setting of limited oxygen supply caused by fixed atherosclerotic CAD. Effort-induced angina was thought to be a problem of excessive oxygen demand with limited oxygen supply. However, some patients with chronic, stable angina may develop myocardial ischemia because of dynamic coronary vasoconstriction in the setting of fixed atherosclerotic CAD. Such inappropriate coronary vasoconstriction has been shown to occur during exposure to cold, while under mental stress, and during isometric or isotonic exercise as well as during exposure to cigarette smoking. In short, chronic, stable angina is a syndrome of both increased myocardial oxygen demands in the setting of limited supply and dynamic reductions in myocardial oxygen supply, most of which are induced by common, everyday events.


The patient with exertional angina pectoris (Table 9-2) usually complains of a retrosternal pressure or dull ache during physical exertion, while eating, during exposure to cold, or with emotional excitement. Other adjectives that the patient may use to describe the chest discomfort include “viselike,” “constricting,” “crushing,” “heavy,” and “squeezing.” In many patients, the retrosternal pain radiates to the jaw, neck, and left shoulder and arm. Dyspnea often accompanies exertional angina pectoris and may be associated with diaphoresis and nausea. Although its duration varies considerably from one patient to another, the episode usually lasts 3 to 10 minutes. On occasion, however, it may linger for as long as 20 to 30 minutes. It is typically relieved by sublingual nitroglycerin within 1 to 3 minutes.




Table 9-2 Angina Pectoris
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At a time when the patient is not experiencing angina, the physical examination is usually normal. During an episode of chest discomfort, the patient may become somewhat pale and diaphoretic, and the respiratory rate and effort may increase. The heart rate and systemic arterial pressure are usually greater than at rest. Pulmonary congestion (e.g., rales at both bases posteriorly) may be evident. On auscultation of the heart, an S4 is usually audible as a result of decreased left ventricular compliance, and a transient S3 may be present if left ventricular systolic dysfunction occurs. In an occasional patient, ischemia-induced papillary muscle dysfunction will cause a murmur of mitral regurgitation to be audible at the cardiac apex. As the episode of angina resolves, the pulmonary rales, diastolic heart sounds, and systolic murmur may quickly disappear.


Three noninvasive techniques have been used to demonstrate transient episodes of myocardial ischemia in the patient with exertional angina pectoris: (1) During exercise-induced or spontaneous chest pain, the ECG usually shows ST-segment depression that is reflective of subendocardial ischemia, which resolves within minutes of the pain’s disappearance (Fig. 9-2). (2) During episodes of angina, global left ventricular systolic function may decline, and segmental wall motion abnormalities may develop. These abnormalities can be observed with two-dimensional echocardiography, magnetic resonance imaging, or gated blood pool scintigraphy. The assessment of regional abnormalities and systolic function using two-dimensional echocardiography performed during exercise or intravenous dobutamine infusion is a particularly useful technique for detecting myocardial ischemia. As with the ECG alterations, these segmental wall motion abnormalities may resolve within minutes after relief of pain, or they may linger for hours. (3) Myocardial perfusion may be assessed during exercise-induced angina by the intravenous injection of a radioactive tracer, such as thallium-201 or technetium sestamibi, followed by imaging with the appropriate equipment.
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Figure 9-2 Electrocardiogram obtained during angina (A) and after the administration of sublingual nitroglycerin and subsequent resolution of angina (B). During angina, transient ST-segment depression and T-wave abnormalities are present.








EVALUATION OF THE PATIENT WITH ANGINA


For the patient in whom the cause of chest pain is unclear, stress testing may help clarify the diagnosis by reproducing the patient’s symptoms and demonstrating objective evidence of ischemia. Submitting the patient to exercise or pharmacologic stress provides an opportunity to assess the evidence of ischemia through the evaluation of ECG abnormalities (e.g., routine stress testing), perfusion defects (e.g., radionuclide imaging), or segmental wall motion abnormalities (e.g., echocardiography). As with all diagnostic tests, the predictive value of exercise testing is influenced by the pre-test probability that the patient has CAD. For example, in the patient with a high pre-test probability of having CAD, a positive test is highly predictive, whereas a test with negative results has a high likelihood of being falsely negative. Conversely, in the individual with a low likelihood of having CAD, a negative test is highly predictive, but a positive test result has a high likelihood of being falsely positive.


Stress testing may also be useful in the patient with chronic stable angina for the determination of exercise capacity, documentation of the effectiveness of medications, and risk stratification (i.e., identifying patients at risk for CAD in whom more aggressive therapies may be warranted) (Fig. 9-3). The Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) trial has demonstrated that patients with a large degree of ischemic myocardium during stress testing are most likely to benefit with coronary revascularization.
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Figure 9-3 Treadmill exercise test demonstrates a markedly ischemic electrocardiogram (ECG) response. The resting ECG is normal. The test was stopped when the patient developed angina at a relatively low workload, accompanied by ST-segment depression in lead II and ST-segment elevation in lead V2. These changes worsened early in recovery and resolved after administration of sublingual nitroglycerin. Only leads II and V2 are shown; however, ischemic changes were seen in 10 of the 12 recorded leads. Severe atherosclerotic disease of all three coronary arteries was documented at subsequent cardiac catheterization.




In a patient with a normal resting ECG, routine stress testing with ECG monitoring is usually sufficient. However, in patients with baseline ECG abnormalities (e.g., nonspecific ST-segment abnormalities, left ventricular hypertrophy, left bundle branch block [LBBB], or ventricular pre-excitation) and in patients taking digoxin, the specificity of exercise-induced ST-T-wave changes is diminished. In these individuals, echocardiographic, nuclear scintigraphic, or magnetic resonance imaging improves both the sensitivity and the specificity of stress testing, albeit at substantially increased cost. Nuclear imaging is preferred over echocardiography in patients with LBBB. Exercise-induced ECG changes in women are less specific than in men; for this reason, many physicians perform exercise testing with imaging in all women. Several prognostic markers associated with a poor clinical outcome have been identified in the patient undergoing routine stress testing; these include (1) ischemic ECG changes (ST-segment depression) that occur early in exercise, in multiple leads, or persist for several minutes after the completion of exercise; (2) an associated decrease (rather than the normal increase) in blood pressure levels; and (3) poor exercise tolerance (e.g., less than 6 minutes exercise duration on the standard Bruce protocol).


In patients whose baseline ECG is sufficiently abnormal to preclude an adequate interpretation during exercise, the standard exercise test may be combined with radionuclide perfusion imaging, ECG assessment of left ventricular global and segmental function, or magnetic resonance imaging of left ventricular function. When stress testing is combined with imaging, the sensitivity for detecting CAD is about 90%, which is greater than that achieved with standard ECG-guided exercise testing. The specificity is about 80%, and the predictive value is about 90%.


When a radionuclide stress perfusion imaging study is performed, a radioactive tracer, such as thallium-201, technetium-99m sestamibi, or technetium-99 tetrofosmin, is immediately administered intravenously before exercise is terminated. Because the radioactive tracer is distributed to the myocardium in proportion to coronary arterial blood flow, segments of myocardium that become ischemic during exercise have decreased uptake of the radioactive tracer relative to normally perfused areas of myocardium. Within 4 hours of the injection of thallium, about 50% is redistributed throughout viable myocardium, which results in a filling in of areas that were hypoperfused at peak exercise. Unlike thallium, technetium sestamibi and tetrofosmin do not redistribute to areas that were ischemic. The presence and extent of exercise-induced perfusion abnormalities provide prognostic information. Patients with a normal stress perfusion study—with or without CAD—have an extremely low risk for future cardiac events (<1% per year), whereas those with an abnormal stress perfusion study have an event rate of about 7% annually, the risk in correlation with the magnitude of the perfusion defects.


When exercise induces ischemia, global left ventricular systolic function may decline, and regional wall motion abnormalities may develop. These changes can be observed with two-dimensional echocardiography, magnetic resonance imaging, or gated equilibrium blood pool scintigraphy (e.g., radionuclide ventriculography, multigated acquisition [MUGA] scanning). The extent of wall motion abnormalities correlates with the extent of CAD and the risk for future cardiac events.


For patients who are able to ambulate, exercise stress is preferable to pharmacologic stress because it provides more physiologic information. In patients who are nonambulatory or have limited exercise capacity, pharmacologic stress may provide similar diagnostic information, but it cannot yield information regarding exercise capacity or the hemodynamic response to exercise. A vasodilator (dipyridamole or adenosine) or an intravenous inotropic agent (dobutamine) is typically administered to perform a pharmacologic stress test. With the former, blood flow in unobstructed coronary arteries increases to a greater extent than in obstructed arteries, and this can be detected with perfusion imaging. In contrast, dobutamine infusion increases myocardial contractility—and hence myocardial oxygen demand—and is combined with radionuclide perfusion, magnetic resonance imaging, or echocardiographic imaging to assess the presence of perfusion defects or regional wall motion abnormalities.


As previously noted, EBCT has been used for the detection of CAD. The absence of calcification on computed tomography (CT) strongly correlates with the absence of hemodynamically significant coronary atherosclerosis. Moreover, the extent of coronary calcification is predictive of the risk for myocardial infarction. The presence of coronary calcification is diagnostic of coronary atherosclerosis, although the extent of luminal diameter narrowing cannot be predicted by the extent of calcification. With the addition of intravenous contrast administration, MDCT machines may perform a noninvasive CT coronary angiogram (CTA) to visualize coronary arterial stenoses in addition to detecting coronary calcification. Their roles in the detection and management of CAD are evolving.


Invasive cardiac catheterization with coronary angiography allows visual assessment of the extent and severity of CAD. The anatomic information obtained must be interpreted in light of functional information (e.g., stress testing) because the anatomic severity of a given coronary stenosis does not necessarily correlate with its physiologic significance. FFR measurements may be performed in the cardiac catheterization laboratory to demonstrate the functional significance of intermediate-severity coronary stenoses. Coronary angiography is invasive and is associated with a small risk. Nonetheless, the risk-benefit analysis of catheterization favors the procedure in many patients with angina (Table 9-3).


Table 9-3 Indications for Coronary Angiography in Patients with Stable Angina Pectoris






	


• Unacceptable angina despite medical therapy (for consideration of revascularization)



• Noninvasive testing results with high-risk features



• Angina or risk factors for coronary artery disease in the setting of depressed left ventricular systolic function



• For diagnostic purposes in the individual in whom the results of noninvasive testing are unclear

















MEDICAL MANAGEMENT OF STABLE ANGINA


The approach to the management of the patient with angina involves (1) risk factor modification and lifestyle changes to slow or to arrest the progression of CAD and thrombosis, (2) pharmacotherapy to prevent or to relieve angina, and (3) revascularization to improve symptoms, prognosis, or both. In addition, concurrent medical conditions (e.g., anemia, congestive heart failure, chronic obstructive pulmonary disease, obstructive sleep apnea, hyperthyroidism) that may precipitate or worsen angina should be corrected, if possible.


Control of hypertension, diabetes mellitus, hyperlipidemia, and smoking cessation are important in controlling the progression of disease in patients with coronary atherosclerosis. Guidelines for aggressive risk factor reduction have been established (Table 9-4). Patients should be instructed on dietary changes; an evaluation by a nutritionist may be helpful. Patients with CAD generally should be treated aggressively for hyperlipidemia management. Statin medications are most commonly prescribed for a goal LDL lower than 100 mg/dL. Recent studies suggest that further LDL reductions below 70 mg/dL provide further risk reduction. For those CAD patients with normal cholesterol levels, statin therapy may be helpful in stabilizing atherosclerotic plaque, resulting in a reduced risk for MI and stroke. For those with low HDL, niacin or fibrate agents may be helpful, in addition to aerobic exercise, to achieve a goal HDL of greater than 40 mg/dL.


Table 9-4 Goals of Risk Factor Modification






	Risk Factor

	Goal






	


Dyslipidemia



Elevated LDL cholesterol level



Patients with CAD or CAD equivalent*





	LDL < 70 mg/dL






	Without CAD, at least two risk factors†


	LDL < 130 mg/dL (or <100 mg/dL‡)






	Without CAD, zero or one risk factor†


	LDL < 160 mg/dL






	Elevated TG

	TG < 200 mg/dL






	Reduced HDL cholesterol level

	HDL > 40 mg/dL






	Hypertension

	Systolic blood pressure < 140 mm Hg






	 

	Diastolic blood pressure < 90 mm Hg






	Smoking

	Complete cessation






	Obesity

	<120% of ideal body weight for height






	Sedentary lifestyle

	30-60 min moderate intensity activity (e.g., walking, jogging, cycling, rowing) 5 times per week







CAD, coronary artery disease; CRP, C-reactive protein; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; TG, triglycerides.


* CAD equivalents include diabetes mellitus, noncoronary atherosclerotic vascular disease, or >20% 10-year risk for a cardiovascular event as predicted by the Framingham risk score.


† Risk factors include cigarette smoking, blood pressure ≥ 140/90 mm Hg or on antihypertensive medication, HDL cholesterol level < 40 mg/dL, family history of premature coronary atherosclerosis (e.g., male, ≤45 years; female, ≤55 years).


‡ Target of 100 mg/dL should be strongly considered for men ≥ 60 years of age and individuals with a high burden of subclinical atherosclerosis (>75th percentile of patient’s age and sex for coronary calcification), hsCRP > 3 mg/dL, or metabolic syndrome.


All patients with known or suggested CAD should be placed on antiplatelet therapy (e.g., aspirin, 75 to 325 mg daily; clopidogrel, 75 mg daily for patients allergic to aspirin) unless a contraindication to antiplatelet therapy is present. These agents decrease the rates of MI and death in patients with angina or previous MI. In addition, they may decrease the risk for MI in individuals without suggested CAD but with multiple risk factors. Angiotensin-converting enzyme (ACE) inhibitors should be prescribed to patients with CAD who have diabetes mellitus or left ventricular systolic dysfunction unless contraindicated. Angiotensin receptor blockers may be used in patients who develop an ACE inhibitor–induced dry cough. Although exercise is often limited by angina, regular activity at a level that is tolerated should be encouraged. Isometric exercise, such as weight lifting and high-intensity activities, especially in the cold (e.g., skiing, shoveling snow), are not advisable. However, many patients with stable angina may perform vigorous activities, including moderate physical exertion at work. For obese patients and those with a sedentary lifestyle, regular aerobic activity is recommended.


As previously noted, the pathophysiologic characteristics of angina are one of supply-demand mismatch. Therefore, its therapy is directed at correcting the mismatch by decreasing myocardial oxygen demands, augmenting myocardial oxygen supply, or both. Nitrates, β blockers, and calcium channel blockers are among the pharmacologic options most commonly used for the control of symptoms in patients with chronic stable angina (Table 9-5). They appear to be of similar efficacy in controlling anginal symptoms. When a single agent fails to control angina, combination therapy is usually effective. Ranolazine, a selective inhibitor of late sodium influx, is an effective antianginal agent that has no effect on heart rate or systemic blood pressure. Ranolazine may be used as either a first- or second-line agent for patients with angina. Unlike aspirin and lipid-lowering therapy, none of these agents has been convincingly shown to decrease mortality in patients with CAD.




Table 9-5 Medications for Angina Pectoris
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Nitrate preparations have been used in the medical management of exertional angina for many years. The effect of nitrates is mediated through relaxation of vascular smooth muscle. Dilation of arterioles reduces systemic vascular resistance and therefore afterload. Nitrates have a more pronounced effect on the venous system; venodilation results in venous pooling, decreased venous return, and therefore decreased preload. The arteriolar and venodilatory effects substantially reduce myocardial oxygen demands, thereby decreasing angina. In addition, nitrates augment coronary blood flow by dilating epicardial coronary arteries (although this effect is minimal in extensively diseased arteries) and increasing blood flow through collateral vessels. Several formulations are available. Sublingual nitroglycerin tablets or oral spray is effective for the acute treatment of anginal episodes and as prophylactic therapy before an activity that is likely to provoke angina. Topical nitroglycerin ointment and oral preparations are effective for the chronic management of stable angina, whereas intravenous nitroglycerin is appropriate for patients with unstable angina and acute MI. The chronic use of nitrates may result in tolerance, an effect that can be minimized by allowing for a daily nitrate-free period; for example, removing topical nitrate preparations during sleeping hours or prescribing oral nitrates that avoid around-the-clock administration.


β-adrenergic blocking drugs are competitive inhibitors of catecholamine β receptors. They decrease myocardial oxygen demands by reducing heart rate, blood pressure, and contractility. These agents are effective in controlling anginal symptoms (especially exercise-induced symptoms), and they decrease mortality and reinfarction in survivors of MI. β blockers differ in their lipid solubility, duration of action, and β-receptor selectivity. β1 receptors predominate in the heart, where they mediate increases in heart rate, contractility, and atrioventricular (AV) conduction. β2 receptors predominate in the vascular and bronchial smooth muscle. Blockade of β1 receptors produces several beneficial cardiac effects, whereas β2-receptor blockade may induce bronchospasm and peripheral vasoconstriction. Atenolol and metoprolol are β1 selective at low doses; however, at the moderate to high doses often used in clinical practice, all β blockers lose their selectivity. Because β blockers may worsen underlying conduction system abnormalities, they should be used with caution in patients with conduction system dysfunction. In addition, these agents may result in a mild increase in the triglyceride level and a mild decrease in the HDL cholesterol level.


Calcium ions play a critical role in myocardial and vascular smooth muscle contraction and in the genesis of the cardiac action potential (see Chapter 10). Blocking these effects with a calcium antagonist results in a decrease in heart rate, myocardial contractility, and peripheral arterial vasodilation, all of which decrease myocardial oxygen demand. In addition, coronary vasodilation occurs, resulting in augmented oxygen supply. Three major classes of calcium antagonists are available, and the specific agent of choice should be individualized for the particular patient. The dihydropyridine medications (e.g., nifedipine, amlodipine) predominantly cause vasodilation with little or no effect on heart rate, contractility, or AV conduction. In fact, the vasodilation may lead to a reflex tachycardia. The phenylalkylamine medications (e.g., verapamil) reduce heart rate, slow AV conduction, depress contractility, and have less of an effect on peripheral vascular tone than the dihydropyridine medications. They may not be tolerated in patients with depressed ventricular systolic function or underlying conduction system disease. The benzothiazepine medications (e.g., diltiazem) have less vasodilatory action than the dihydropyridine medications and less myocardial suppressant action than the phenylalkylamine medications.









REVASCULARIZATION IN PATIENTS WITH ANGINA


In patients for whom medical therapy does not effectively control anginal symptoms and in patients considered to be at increased risk clinically (e.g., unstable angina, angina associated with heart failure, angina associated with arrhythmia, poor exercise capacity) or by noninvasive testing (e.g., large amount of ischemic myocardium, depressed left ventricular systolic function), coronary revascularization plays an important therapeutic role. Several modalities for coronary revascularization exist, including surgical revascularization (e.g., coronary artery bypass grafting [CABG]) and catheter-based percutaneous techniques (e.g., percutaneous coronary intervention [PCI]).


With advances in equipment, adjunctive pharmacologic agents, and increasing operator experience, PCI can now be achieved with high success rates and at relatively low risk. More than 1 million PCI procedures are performed each year in the United States alone. (Web video 9-1—Angioplasty [image: image], http://www.heartsite.com/html/ptca.html). With percutaneous transluminal coronary angioplasty (PTCA), a high-pressure inflation of a distensible balloon is performed at the site of coronary arterial narrowing with resultant enlargement of the lumen. Balloon inflation causes denudation of the endothelial surface, fracture of the atherosclerotic plaque, and disruption of the vessel intima. The vessel lumen can be successfully dilated in greater than 90% of cases. In 2% to 5% of patients undergoing PTCA, the coronary arterial injury is severe, and, as a result, the artery occludes abruptly. Such patients are usually treated with intracoronary stenting or rarely urgent CABG to prevent acute MI. In patients in whom PTCA is initially successful, up to 50% develop restenosis at the site of balloon dilation within 1 to 6 months of the angioplasty. Of the patients who develop restenosis, about 50% experience recurrent angina. Restenosis is a complex process involving elastic recoil of the artery, vascular remodeling, and hyperplasia of the vascular intima. It is not prevented by the administration of antiplatelet, anticoagulant, anti-anginal, or hypolipidemic medications.


During the past decade, intracoronary stenting now has become the technique of choice for PCI (Web video 9-2—Intracoronary Stenting, [image: image] http://www.heartsite.com/html/stent.html). The coronary stent—a cylindric, expandable metal structure available in varying diameters and lengths—is premounted on an angioplasty balloon. When the balloon is positioned at the site of the stenosis and inflated to expand the stent, the stent becomes permanently embedded in the arterial wall. Subsequently, the balloon is deflated and removed, but the stent maintains its expanded cylindric configuration, thereby acting as a scaffold to maintain vessel patency. In this way, stenting results in a greater increase in luminal size than can be achieved with balloon angioplasty alone (see Fig. 9-1B). Stents can be used to treat PTCA-related coronary arterial dissections, thereby avoiding the need for urgent CABG. In comparison with balloon angioplasty, stenting is associated with a reduced incidence of abrupt closure (about 1% to 2%) and restenosis (about 20% to 25%), thereby explaining why it is the procedure of choice in more than 90% of PCIs. At the same time, stenting may not be the procedure of choice in small coronary arteries (luminal diameter < 2.0 mm) because these vessels are too small for the smallest available stents. The person in whom intracoronary bare metal stenting (BMS) has been performed should receive aspirin indefinitely and clopidogrel for 2 to 4 weeks to prevent thrombosis. During the weeks after stent deployment, the stent becomes endothelialized, at which time it is no longer thrombogenic or subject to abrupt closure. Studies have demonstrated that a 1-year course of clopidogrel is superior compared with a 4-week course after bare metal stenting, with a reduction in adverse ischemic events.


Beginning in 2003, drug-eluting stents (DES) have been coated with antiproliferative drugs (e.g., sirolimus [Rapamycin], paclitaxel [Taxol]), which are extremely effective in preventing restenosis. There are five FDA-approved DES in the United States, listed in order of their approval with the year of approval: Cordis Cypher (sirolimus; 2003), Boston Scientific Taxus (paclitaxel; 2004), Medtronic Endeavor (zotarolimus; 2007), Abbott Xience V (everolimus; 2008), and Boston Scientific Promus (everolimus; 2008). The incidence of restenosis with DES is 5% to 10%. Randomized trials have demonstrated a roughly 70% reduction in stent restenosis with DES compared with BMS. In stenting procedures in the United States, roughly 65% involve DES, and 35% involve BMS. The person who receives a DES should take aspirin indefinitely and clopidogrel for at least 12 months. The antiproliferative agent that coats the stent delays the process of endothelialization; as a result, these stents are subject to thrombosis and abrupt closure for months after their placement.


Other percutaneous interventional techniques that have a limited role in coronary revascularization include rotational and directional atherectomy; thrombectomy; brachytherapy, which is the application of local radiation therapy to treat restenosis after stenting; and coronary laser therapy. Of these, thrombectomy has the most promising role in PCI procedures for STEMI patients.


Studies performed in the 1970s and 1980s established the effectiveness of CABG for the control of anginal symptoms and, in some patients, offered an improvement in survival when compared with anti-anginal medical therapy. Harvesting a segment of saphenous vein or radial artery and anastomosing it to the ascending aorta (proximally) and the distal portion of the diseased coronary artery (distally) is performed with CABG. The internal mammary artery can be dissected free from the pleural surface and its distal end anastomosed to a diseased coronary artery. These procedures effectively bypass the sites of atherosclerotic narrowing, thereby allowing blood to flow freely to the myocardium perfused by the diseased artery. The left internal mammary artery is most commonly used to bypass the left anterior descending coronary artery, and has 10-year patency rates of roughly 90%. In comparison, the patency rate for saphenous vein grafts is 50% at 10 years. Whenever possible, the mammary artery is used because its long-term patency is superior to that of venous or radial arterial conduits. Experienced surgeons perform CABG with a peri-operative mortality rate of 1% to 2%, a stroke rate of 1% to 2%, and a peri-operative MI rate of 5% to 10%.


CABG improves survival (when compared with medical therapy) in patients with greater than 50% luminal diameter narrowing of the left main coronary artery or narrowing of all three major epicardial coronary arteries in conjunction with mildly or moderately depressed left ventricular systolic function (e.g., ejection fraction, 35% to 50%). In addition, CABG improves long-term survival in patients with a narrowing of two or three epicardial coronary arteries and normal left ventricular systolic performance, provided that the proximal portion of the left anterior descending coronary artery is significantly narrowed.


In the short term (within 1 to 2 years of the procedure), those having PCI are more likely than those undergoing CABG to require anti-anginal medications or a subsequent revascularization procedure largely because of the incidence of symptomatic restenosis after successful percutaneous coronary revascularization. Because of the progressive decline of graft patency between 5 and 10 years postoperatively, the benefits of surgery over percutaneous revascularization are less apparent in the long term. Small, randomized studies comparing the two approaches to revascularization in patients with multivessel CAD and preserved left ventricular systolic function (e.g., ejection fraction > 50%) demonstrate no difference in mortality after 1 to 5 years of follow-up, except in patients with diabetes, who fare better with CABG. Recently, however, larger observational studies showed that CABG is associated with higher long-term survival than stenting in patients with multivessel CAD. A recently completed trial showed no difference between CABG and DES for left main or multivessel CAD in mortality or myocardial infarction. DES did have higher rates of repeat revascularization because of restenosis, but lower rates of stroke. There are ongoing randomized trials in diabetic patients with multivessel CAD randomized to CABG or DES.


Unfortunately, neither percutaneous nor surgical revascularization techniques halt the underlying atherosclerotic process, and new stenoses may develop at previously uninvolved sites in native coronary arteries and in the bypass grafts. Aspirin should be administered immediately after CABG and continued thereafter because it improves graft patency. If a stenosis develops in a bypass graft, percutaneous revascularization is often effective. In addition, repeat CABG is possible, although the surgical risks are higher than with the first procedure.


For patients with severe angina refractory to maximal medical therapy and coronary revascularization, treatment options include external counterpulsation and spinal cord stimulation. External counterpulsation involves inflation of three lower extremity cuffs during diastole and deflation during systole. This treatment is performed in 1-hour sessions for a total of 35 treatments. Roughly 75% of patients report an improvement in angina severity, and the treatment is generally well-tolerated. The likely mechanism of action involves improved endothelial function. Spinal cord stimulation provides analgesia for patients with severe angina by placing a stimulating electrode in the dorsal epidural space at the C7-T1 level. Although preliminary data appear promising, there is a paucity of data on intermediate- or long-term outcomes. Transmyocardial laser revascularization is no longer recommended for refractory angina.









VARIANT ANGINA


In 1959, Prinzmetal and colleagues described a group of patients with variant angina. These patients usually experienced chest pain at rest rather than with physical exertion or emotional excitement, and the ECG recorded during chest pain showed ST-segment elevation rather than depression, which resolved as the pain subsided (Fig. 9-4). On occasion, episodes of chest discomfort were accompanied by varying degrees of AV block or ventricular ectopy, but MI was uncommon. Patients with variant angina did not often have the usual risk factors for coronary atherosclerosis, although cigarette smoking was frequent. Subsequent angiographic studies demonstrated that variant angina is the result of epicardial coronary arterial spasm, which may occur either at the site of an atherosclerotic plaque or in the setting of angiographically normal coronary arteries.
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Figure 9-4 Continuous electrocardiogram recording in a patient with Prinzmetal (variant) angina. The spontaneous onset of chest discomfort began during the top strip, accompanied by transient ST-segment elevation. By the bottom strip, several minutes later, both discomfort and ST-segment elevation had resolved.




During coronary angiography, coronary vasospasm may be provoked by the intracoronary infusion of acetylcholine or ergonovine. In addition, methacholine, a parasympathomimetic agent, has been used to induce coronary arterial spasm, similar to the arterial spasm in response to exposure to cold (e.g., cold pressor test), the production of a significant alkalosis (e.g., vigorous hyperventilation during the intravenous infusion of an alkalotic buffer solution), and histamine administration.


Calcium channel blockers, alone or in combination with long-acting nitrate preparations, are highly effective in patients with coronary arterial spasm. They are the treatment of choice for patients with variant angina. β blockers are contraindicated in patients with vasospastic angina because blockade of the vasodilatory effects of β2-receptor stimulation may result in unopposed α-adrenergic vasoconstriction. For the rare patient who has continued episodes of coronary arterial spasm despite maximal medical therapy, intracoronary stenting may be performed.












Acute Coronary Syndromes


The term acute coronary syndrome encompasses the clinical syndromes of unstable angina, NSTEMI, and STEMI. Patients with unstable angina or NSTEMI are usually indistinguishable by history, physical examination, and ECG findings. The distinction between these two groups is made only after the results of the serum cardiac enzyme analyses are available.


The patient with unstable angina or NSTEMI may develop myocardial ischemia or MI through several mechanisms. Most commonly, these individuals have subendocardial ischemia or necrosis as a result of decreased coronary blood flow, which is due to platelet aggregation or a partially occlusive intracoronary thrombus at the site of an ulcerated atherosclerotic plaque. In addition, concomitant platelet-mediated coronary arterial vasoconstriction at the site of plaque ulceration may occur. Alternatively, the patient may develop myocardial ischemia or MI because of an increase in myocardial oxygen demand that cannot be met by an appropriate increase in coronary blood flow. In some individuals, the coronary blood flow cannot appropriately increase because of severe CAD. In those without CAD, subendocardial ischemia or infarction may occur solely as a result of significantly augmented myocardial oxygen demands in the setting of a normal supply (e.g., uncontrolled hypertension, thyrotoxicosis) or a decrease in myocardial oxygen delivery (e.g., profound anemia, hypoxemia). Patients with left ventricular hypertrophy (due to hypertension or aortic stenosis) are at increased risk for subendocardial ischemia.


The patient with unstable angina pectoris usually complains of retrosternal chest pain similar in character and consistency to that of the patient with stable, exertional chest pain. In contrast to the patient whose angina is stable, however, these individuals usually report that their anginal frequency, severity, or duration has worsened, and they may report pain at rest. Furthermore, the patient may note that nitroglycerin is ineffective or less effective in relieving the chest pain.


On physical examination, the patient may exhibit no visible or audible abnormalities at a time when he or she is pain free. During an episode of chest pain, however, the patient may become anxious, diaphoretic, and dyspneic. The heart rate often increases, although bradycardia may occur secondary to enhanced vagal tone or transient AV block and most commonly with inferior wall ischemia or infarction. On cardiac auscultation, an S4 may be audible as a result of decreased left ventricular compliance. An S3 may be present if left ventricular systolic dysfunction occurs, and a systolic murmur of mitral valve papillary muscle dysfunction may be appreciated. Evidence of pulmonary congestion is often present and may reflect an elevated left ventricular filling pressure as a result of decreased left ventricular compliance or systolic dysfunction. If a large area of myocardium is involved and left ventricular systolic dysfunction ensues, then frank pulmonary edema may occur.


For the patient who is experiencing chest pain, a 12-lead ECG should be immediately obtained because it is frequently diagnostic of myocardial ischemia or MI and is important in determining the appropriate treatment plan. STEMI, previously referred to by the pathologically inaccurate term, transmural infarction or Q-wave myocardial infarction, refers to an acute coronary syndrome in which ST-segment elevation (e.g., ST-segment elevation at the J point in two contiguous leads at least 0.2 mV in men or at least 0.15 mV in women in leads V2 to V3 or at least 0.1 mV in other leads) is present on the surface ECG. These infarctions typically are the result of complete thrombotic occlusion of a coronary artery and may first be exhibited on the ECG by symmetrically peaked or hyperacute T waves. These peaked T waves resolve after several minutes as the characteristic ST-segment elevation develops (Fig. 9-5). The distribution of leads with ST-segment elevation can identify the myocardial location and the culprit coronary artery: anterior MI, V2 to V5, left anterior descending coronary artery; inferior MI, II, III, aVF, right coronary artery; lateral MI, I, aVL, V6, left circumflex or diagonal; posterior, V7 to V9, left circumflex coronary artery; right ventricular RV4, right coronary artery.
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Figure 9-5 Acute anterolateral myocardial infarction. Leads I, aVL, and V2 to V6 demonstrate ST-segment elevation. Reciprocal ST-segment depression is seen in leads II, III, and aVF. Deep Q waves have developed in leads V2 and V3.




NSTEMI, previously termed subendocardial infarction or non–Q-wave myocardial infarction, and unstable angina occur as a result of a subtotally occlusive thrombus or a thrombus that was initially totally occlusive but not sustained, enabling partial or complete lysis to occur within minutes to hours of its formation. They are associated with ST-segment depression and T-wave inversions on the surface ECG (Fig. 9-6).
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Figure 9-6 Marked ST-segment depression in a patient with prolonged chest pain is the result of an acute non–ST-segment elevation myocardial infarction (NSTEMI). Between 1 and 3 mm of ST-segment depression is seen in leads I, aVL, and V4 to V6. The patient is known to have had a previous inferior myocardial infarction.




In one fourth to one half of patients with acute MI, the first ECG does not demonstrate typical ST-segment changes. In this situation, serial ECGs should be obtained to increase the diagnostic yield. If a patient has ongoing chest pain without ST-segment changes, posterior lead ECG recording of leads V7 to V9 should be performed. A posterior lead ECG is used to assess for posterior wall injury, usually the result of left circumflex coronary artery occlusion, which is not readily apparent on a standard 12-lead ECG. If acute MI is suggestive but the initial ECG does not confirm the diagnosis, demonstration of new regional wall motion abnormalities with echocardiography may be helpful in confirming the diagnosis.


Myocardial necrosis results in the release of certain intracellular enzymes into the blood. Their appearance in the blood allows the identification of myocardial necrosis, and their quantitation over a number of hours allows for the estimate of its amount. Because 20% of patients with acute MI have atypical or no symptoms (i.e., silent MI) and the initial ECG is nondiagnostic in up to 50% of patients, serologic identification of myocyte necrosis has become an important diagnostic tool. Several serum markers have been identified (Fig. 9-7).
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Figure 9-7 Typical time course for the detection of enzymes released after myocardial infarction. AST, serum aspartate aminotransferase; CPK, creatine kinase; cTnI, cardiac troponin I; cTnT, cardiac troponin T; LDH, lactate dehydrogenase.




Creatine kinase (CK) and its myocardial-specific isoenzyme, creatine kinase muscle band (CK-MB) are detectable in the blood within 3 to 6 hours of the onset of MI. They reach their peak concentration at 24 hours and return to normal within 48 hours. Although CK-MB is relatively specific for cardiac injury, it may be elevated in subjects with extensive skeletal muscle injury or disease, chronic renal disease, or hypothyroidism.


Troponins I and T are regulatory proteins involved in the interaction of cardiac actin and myosin. Because they are not present to any extent in other organs and are not detectable in blood under normal circumstances, an increase in their serum concentration is more specific and sensitive for myocyte necrosis than an increase in the concentration of other enzymes. After cardiac injury, the serum troponin concentration begins to rise within 4 to 6 hours and remains elevated for 7 to 10 days. False-positive elevations of troponin T, but not troponin I, have been observed in patients with renal failure. The presence of heterophilic antibodies or fibrin may interfere with the assay for troponin I and give false-positive results. The former is found in 3% of the general population and a high percentage of patients with autoimmune disease; the latter may be found in blood that has been heparinized. Because serum troponin concentration is an extremely sensitive measure of myocardial necrosis, such elevations are sometimes observed in patients with myocardial necrosis as a result of increased myocardial oxygen demand (i.e., subjects with a significantly elevated heart rate or blood pressure, pulmonary embolism, hypoxemia) or reduced supply (i.e., hypotension) in the absence of epicardial CAD.






TREATMENT OF UNSTABLE ANGINA AND NON–ST-SEGMENT ELEVATION MYOCARDIAL INFARCTION


Unstable angina and NSTEMI may be clinically indistinguishable with ECG studies. They are differentiated only by the presence of serologic evidence of myocardial necrosis. Accordingly, the initial treatment of these patients is similar and includes (1) hospital admission with serial assessment of ECGs and sequential measurements of cardiac enzymes; (2) aggressive anti-anginal, antiplatelet, and antithrombotic therapy; and (3) identification of the patient at increased risk for recurrent ischemia, MI, or death who may benefit from revascularization. With optimal medical therapy, the 1-year mortality rate of patients with unstable angina or NSTEMI is 3% to 5% (Fig. 9-8).
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Figure 9-8 Treatment algorithm for patients with symptoms suggestive of an acute coronary syndrome. ECG, electrocardiogram; LMWH, low-molecular-weight heparin; NSTEMI, non–ST-segment elevation myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction.




Rest for 24 to 48 hours with continuous ECG monitoring, analgesics, and supplemental oxygen therapy are frequently prescribed. Sublingual nitroglycerin should be given initially, followed by oral or topical nitroglycerin. Intravenous nitroglycerin should be administered if recurrent chest pain occurs. In the absence of a contraindication, β blockers should be promptly instituted because they decrease heart rate and blood pressure levels and left ventricular contractility, thereby reducing myocardial oxygen demand. The calcium antagonists, verapamil and diltiazem, may be useful for the patient who fails to respond to nitrates and β blockers as well as for the patient with a contraindication to β blockers. However, calcium antagonists should not be used in the patient with known depressed left ventricular systolic function or with evidence of pulmonary vascular congestion on physical examination or chest radiograph. Because dihydropyridine calcium antagonists (e.g., nifedipine, amlodipine) may cause a reflex tachycardia with a resultant worsening of angina, they should be avoided unless they can be used in combination with a β blocker.


As noted, enhanced platelet aggregation and partial coronary arterial occlusion by platelet-rich thrombus play important pathophysiologic roles in most patients with unstable angina or NSTEMI. Aspirin has been shown to decrease mortality and rates of recurrent MI in these patients. Accordingly, the patient without a contraindication should receive oral aspirin, an initial 325-mg dose followed by 75 to 325 mg daily. The addition of oral clopidogrel or an intravenous glycoprotein IIb/IIIa inhibitor (e.g., tirofiban, eptifibatide) provides more effective platelet inhibition, thereby reducing the risk for recurrent ischemia or infarction. If clopidogrel is administered, it is continued for 9 to 12 months. If a glycoprotein IIb/IIIa inhibitor is used, it is infused for 48 to 96 hours. Glycoprotein IIb/IIIa inhibitors are typically used in patients who have high-risk features predictive of a subsequent cardiac event, such as ST-segment depressions, T-wave inversions, or positive biomarkers, or those in whom percutaneous revascularization is planned.


Heparin, unfractionated or low-molecular-weight, is given concomitantly with antiplatelet therapy. If unfractionated heparin is used, it is usually infused for 48 hours. Enoxaparin, a low-molecular-weight heparin, may be used instead of unfractionated heparin. It is administered subcutaneously twice daily and continued until hospital discharge. Unlike unfractionated heparin, it does not require monitoring of its anticoagulant effects by serially measuring the activated partial thromboplastin time. In patients considered at risk for a subsequent cardiac event, low-molecular-weight heparin is superior to unfractionated heparin in preventing recurrent ischemia. Thrombolytic therapy or abciximab have not been shown to be beneficial for the treatment of individuals with unstable angina or NSTEMI. In these patients, in fact, it may be detrimental (Table 9-6).


Table 9-6 Selection Criteria for Thrombolytic Therapy in Acute Myocardial Infarction






	


• Chest pain consistent with acute myocardial infarction



• Electrocardiographic changes:


• ST-segment elevation at the J point in two or more contiguous leads with ≥0.2 mV in men or ≥0.15 mV in women in leads V2-V3 and/or ≥0.1 mV in other leads



• New or presumed new left bundle branch block



• ST-segment depression with prominent R wave in leads V2 and V3 if believed to represent posterior infarction






• Time from onset of symptoms: <12 hr



• Age:


• <75 years: definite benefit



• ≥75 years: benefit less clear













For the patient with unstable angina or NSTEMI who promptly and completely responds to medical therapy, subsequent evaluation should be aimed at determining the patient’s risk for a subsequent cardiac event. The patient deemed to be at low risk might undergo exercise or pharmacologic stress testing. The patient considered to be at high risk for subsequent events should receive maximal antiplatelet therapy with aspirin and a glycoprotein IIb/IIIa inhibitor, low-molecular-weight heparin, and coronary angiography within 4 to 48 hours, followed by revascularization with PCI or CABG, if indicated. Patients most likely to benefit from this early invasive approach are those with elevated serum cardiac enzyme values and those with three or more at-risk variables, including the following: (1) age 65 years or older, (2) at least three risk factors for atherosclerosis, (3) a previously documented coronary arterial stenosis of 50% or greater, (4) ECG ST-segment deviation at the time of hospital arrival, (5) at least two anginal episodes in the 24 hours before hospitalization, or (6) use of aspirin during the 7 days before hospitalization. This risk stratification system is termed the TIMI risk score.


Urgent coronary angiography should be performed in the patient with continued or recurrent chest pain despite optimal medical therapy or hypotension or severe heart failure during medical therapy. (Web video 9-3, Cardiac Cath, [image: image] http://www.heartsite.com/html/cardiac_cath.html). Coronary angiography should be considered for the patient with an acute coronary syndrome and any of the following risk factors: (1) previous PCI or CABG, (2) congestive heart failure or depressed left ventricular systolic function, (3) life-threatening ventricular arrhythmias, (4) recurrent low-threshold ischemia, or (5) exercise or pharmacologic stress testing that indicates a high likelihood of severe CAD. Based on coronary anatomy, the experience of the medical personnel, the presence of co-existing medical conditions, and the preferences of the patient, a recommendation for percutaneous or surgical revascularization can be made.









TREATMENT OF ST-SEGMENT ELEVATION MYOCARDIAL INFARCTION


Numerous studies have shown that coronary thrombosis is the cause of most STEMIs. Postmortem studies have demonstrated that 85% to 95% of patients dying of STEMI have a fresh thrombotic occlusion of a large epicardial coronary artery, and angiographic studies performed within several hours of the onset of STEMI have shown a similar incidence of total occlusion. After as little as 15 minutes of coronary occlusion, irreversible cellular injury and necrosis ensue. The subsequent extent of myocardial injury is determined by the duration of coronary occlusion, the presence or absence of collateral vessels, and the amount of myocardium perfused by the infarct-related artery. Prompt restoration of antegrade flow in the infarct-related artery minimizes the extent of myocardial necrosis. In arteries with gradually developing stenoses, sufficient collateral vessels may develop to prevent irreversible myocardial injury even with complete arterial occlusion. In contrast, if acute plaque rupture and thrombotic occlusion occur at the site of a previously nonobstructive stenosis, collateral circulation does not have sufficient time to develop, and extensive infarction ensues. With infarction of 20% to 25% of the left ventricle, congestive heart failure usually ensues. With infarction of 40% or more of the left ventricle, cardiogenic shock usually develops (Fig. 9-9). Cardiogenic shock is defined as inadequate tissue perfusion due to cardiac dysfunction and is discussed in the upcoming section (see “Post–Myocardial Infarction Complications”).
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Figure 9-9 Right coronary artery angiogram in a patient with acute inferior myocardial infarction. The left panel demonstrates total occlusion of the right coronary artery. The right panel depicts restoration of flow 90 minutes after the intravenous administration of tissue-type plasminogen activator.




In the patient with suggested acute MI, a 12-lead ECG should be performed within 5 minutes of the patient’s arrival, and serum cardiac enzyme levels should be assessed. If ST-segment elevation in contiguous ECG leads or LBBB is present, subsequent care should be focused on sedation and pain relief, prompt restoration of antegrade flow in the occluded infarct-related coronary artery, management of ventricular dysfunction or arrhythmias, and prevention or treatment of immediate and late complications.


A large-bore intravenous line should be introduced for the administration of fluids and medications, and supplemental oxygen should be initiated. Intravenous morphine sulfate should be used to relieve chest pain and to decrease sympathetic stimulation. However, it should be given cautiously because it may cause hypotension, respiratory depression, or bradycardia. The usual dose is 2 to 5 mg every 5 to 10 minutes until chest pain is relieved; systemic arterial pressure should be monitored carefully during its administration. The patient should be kept on bed rest for the first 24 hours of hospitalization. Intravenous nitroglycerin should be administered to patients with continued chest pain, congestive heart failure, or systemic arterial hypertension. The nitroglycerin infusion should be initiated at 5 to 10 mcg/minute and gradually increased up to 200 mcg/minute until a 10% reduction in systolic arterial pressure in normotensive patients or a 25% to 30% reduction in systolic arterial pressure in hypertensive patients is realized. Morphine and nitroglycerin should be avoided in the patient suggested as having right ventricular infarction because a medication-induced reduction in preload may cause profound systemic arterial hypotension. The patient with acute MI should receive oral or rectal aspirin, 325 mg immediately and then daily (75 to 325 mg) thereafter, because of its effectiveness in reducing mortality. In addition to aspirin, clopidogrel should be initiated with a 300- to 600-mg oral loading dose followed by a 75 mg daily maintenance dose. In patients older than 75 years treated with thrombolytics, there is a higher risk for bleeding complications with the addition of clopidogrel.


Restoration of antegrade flow in the occluded infarct-related artery within 12 hours of pain onset reduces morbidity and mortality. This reduction can be accomplished mechanically with a primary PCI or with a pharmacologic intervention using a thrombolytic agent. Randomized trials have established the superiority of PCI over thrombolytics in patients who can receive PCI expeditiously, generally within 90 minutes of presentation to medical attention. Thrombolytic therapy should be reserved for patients in whom PCI cannot be completed within 2 hours of medical attention. A delay in immediate reperfusion therapy increases the extent of myocardial damage and mortality.


An intravenous β blocker may be administered cautiously for those without a contraindication (i.e., heart rate < 60 beats/minute, systolic arterial pressure < 100 mm Hg, any congestive heart failure or peripheral hypoperfusion, first-degree AV block with a PR interval > 0.24 second, second- or third-degree AV block, severe obstructive lung disease, asthma). In the STEMI patient treated with intravenous β blocker, the beneficial effects of a reduction in arrhythmia, recurrent ischemia, and reinfarction are offset by an increased risk for cardiogenic shock. Therefore, intravenous β blockade is contraindicated in STEMI patients with any signs of heart failure or evidence of a low cardiac output state. Intravenous β blockade is reserved for hypertensive patients without any evidence of ventricular dysfunction, risk factors for cardiogenic shock, or contraindications to therapy. The β blocker most often used in this setting is metoprolol. Metoprolol is administered as three 5-mg boluses at 2- to 5-minute intervals to achieve a resting heart rate less than 70 beats/minute. Oral β blockade, initiated within 1 day and continued indefinitely, reduces the risk for nonfatal reinfarction and cardiovascular mortality by 20% to 25% when compared with placebo. The specific oral β blockers shown to exert this beneficial effect are propranolol, timolol, metoprolol, and atenolol. Although the mechanisms by which β blockers exert their beneficial effect are not completely understood, they appear to have an anti-arrhythmic and anti-ischemic influence. For the patient in whom β blockers are contraindicated, verapamil may decrease the incidence of reinfarction and mortality; however, verapamil should be avoided in patients with ventricular systolic dysfunction, clinical heart failure, or any evidence of a low cardiac output state. The other calcium antagonists are not beneficial, and the dihydropyridine agents actually increase mortality.


In the patient with congestive heart failure or depressed left ventricular systolic function (ejection fraction < 0.40%) without systemic arterial hypotension, the administration of an oral ACE inhibitor improves outcome. Randomized, placebo-controlled trials have demonstrated that ACE inhibitor therapy with captopril, enalapril, ramipril, trandolapril, or zofenopril begun 24 hours to 16 days after MI limits left ventricular dilation, improves left ventricular ejection fraction, reduces the incidence of reinfarction and heart failure, and improves short- and long-term survival. In two large trials, the administration of ACE inhibitors within 1 day of hospitalization reduced short-term mortality. The recommended initial regimens include captopril (initial dose, 6.25 mg, increased every 6 to 8 hours to a maximum of 50 mg 3 times daily as long as the systolic arterial pressure is > 90 to 100 mm Hg); enalapril (initial dose, 2.5 mg/day, gradually increased to 20 mg twice daily), or lisinopril (initial dose, 2.5 mg/daily, increased to a maximum of 40 mg/day). ACE inhibitors should not be administered to patients with systemic arterial hypotension (systolic pressure < 90 to 100 mm Hg), an allergy to ACE inhibitors, hyperkalemia, a history of bilateral renal arterial stenosis, previous worsening of renal failure with ACE inhibitors, or pregnancy. Intravenous ACE inhibitors are not recommended for acute STEMI management because of the risk for hypotension.


During the hours after the initiation of the therapies previously described, the patient should be closely observed for the development of early complications related to the MI. Systemic arterial hypotension during the early hours of infarction may be due to intravascular volume depletion, right ventricular infarction, severe left ventricular systolic dysfunction, medications (most notably morphine or nitroglycerin), bradycardia, or tachyarrhythmia. Less commonly, a mechanical complication (e.g., left ventricular free-wall rupture, ventricular septal defect, papillary muscle rupture with resultant mitral regurgitation) can occur within hours of the onset of MI.












Immediate Reperfusion Therapy


In patients with STEMI, early restoration of blood flow to the jeopardized myocardium can limit necrosis, improve left ventricular function, and reduce mortality. This can be mechanically accomplished with primary PCI or pharmacologically with a thrombolytic agent. If a cardiac catheterization facility is accessible and experienced physicians and personnel can quickly perform primary PCI (i.e., within 90 minutes of the patient’s first contact with medical personnel), it is the preferred method of restoring antegrade flow in most patients. On the other hand, if primary PCI is not immediately available or the delay in transporting the patient to a catheterization facility would be inordinately long, thrombolytic therapy should be given. Primary PCI is particularly preferable in patients with a contraindication to thrombolytic therapy, with prior CABG, in cardiogenic shock, or older than 70 years.


Thrombolytic therapy is effective in restoring infarct-related artery patency. In 50% to 60% of patients, normal coronary flow is reestablished within 90 minutes of thrombolytic administration. It should be administered to the STEMI patient who seeks medical attention at a center without catheterization facilities or appropriately experienced personnel as well as to the patient with a condition that would make catheterization inappropriate (i.e., allergy to radiographic contrast material, severe renal insufficiency, severe peripheral vascular disease). In the United States, five thrombolytic agents are currently approved for use in patients with STEMI (Table 9-7): (1) streptokinase, (2) anistreplase (anisoylated plasminogen streptokinase activator complex [APSAC]), (3) alteplase (tissue plasminogen activator [t-PA]), (4) reteplase plasminogen activator (r-PA), and (5) tenecteplase tissue plasminogen activator (TNK-tPA). Currently, r-PA and TNK-tPA are the most commonly used thrombolytics. Although slight differences in their effectiveness and bleeding complications have been reported, the choice of agent is less important than the timely decision to administer it.


Table 9-7 Dosing Regimens of Commonly Used Thrombolytic Agents






	Thrombolytic Agent

	Dosing Regimen






	t-PA (alteplase)

	15 mg bolus IV, followed by 0.75 mg/kg body weight (not to exceed 50 mg) over 30 min, followed by 0.5 mg/kg (not to exceed 35 mg) over 60 min






	r-PA (reteplase)

	Two 10U IV boluses, given 30 min apart






	TNK-tPA (tenecteplase)

	Single bolus IV 0.5 mg/kg (dose rounded to the nearest 5 mg, ranging from 30 to 50 mg)






	Streptokinase

	1.5 million U IV over 60 min







IV, intravenous; PA, plasminogen activator; r-PA, reteplase plasminogen activator; TNK-tPA, tenecteplase tissue plasminogen activator; U, units.


Streptokinase (1.5 million units) is given as a 1-hour infusion. Rarely, the recipient may experience an acute allergic reaction. Although its administration is frequently associated with mild hypotension, the drop in systemic arterial pressure is rarely of sufficient magnitude to warrant interruption of the infusion. Because antibodies to streptokinase develop within days of its administration, it should not be given to patients who have previously received it or who have had a recent streptococcal infection. APSAC is derived from and has the same limitations as streptokinase, but it is significantly more costly. These agents are seldom used in the United States.


t-PA and its derivatives r-PA and TNK-tPA are much more expensive than streptokinase and are associated with a slightly higher rate of intracranial hemorrhage (0.7% versus 0.5%, respectively). However, they are also more clot specific in that they do not cause a generalized fibrinolytic state, and they are more effective at lysing older thrombi (e.g., those associated with an MI of >4 hours’ duration). t-PA and its derivatives do not elicit an antibody response or hypotension. t-PA is given as an initial bolus or front loaded, followed by a 90-minute infusion (15 mg as a bolus, another 50 mg infused over 30 minutes, and the remaining 35 mg infused over the next 60 minutes). r-PA is administered as a double bolus (two 10-unit boluses delivered 30 minutes apart), and TNK-tPA is administered as a single bolus (0.5 mg/kg to a maximum of 50 mg). Although r-PA and TNK-tPA are somewhat more likely than t-PA to restore early patency of the infarct-related artery, the mortality rate with these three agents is similar.


Overall, thrombolytic therapy decreases short-term mortality in subjects with STEMI by about 20%. Angiographic studies comparing thrombolytic regimens demonstrate that restoration of blood flow in the infarct-related artery is faster and more complete with t-PA than with streptokinase, and this translates into a modestly decreased mortality rate with t-PA, especially when it is given in a front-loaded fashion. Specifically, in the Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries (GUSTO) trial, t-PA was associated with a statistically significant 1% absolute reduction in mortality when compared with streptokinase. Most of this benefit occurred in patients younger than 70 years within 4 hours of the onset of an anterior STEMI. In older patients, in patients more than 4 hours after symptom onset, and in those with an MI in a territory other than the anterior wall, the mortality difference between these two agents was negligible.


The contraindications to thrombolytic therapy are listed in Table 9-8; they identify those with an unacceptably high risk for bleeding complications. The most catastrophic potential complication of thrombolytic therapy is intracranial hemorrhage. This risk is substantially increased in patients with a history of hemorrhagic stroke, uncontrolled hypertension, body weight less than 70 kg, and age more than 65 years.


Table 9-8 Contraindications to Thrombolytic Therapy in Acute Myocardial Infarction






	Absolute






	


Suspected aortic dissection



Active bleeding*




Any prior cerebral hemorrhage



Intracranial neoplasm



Cerebral aneurysm or arteriovenous malformation



Ischemic cerebrovascular accident within 3 months









	Relative






	


Bleeding diathesis, coagulopathy, or anticoagulant use



Major surgery within 3 weeks



Puncture of a noncompressible vessel, internal bleeding, or head or major body trauma within previous 2 weeks



Nonhemorrhagic stroke or gastrointestinal hemorrhage within 6 months



Proliferative retinopathy



Active peptic ulcer disease



History of chronic, severe, poorly controlled hypertension



Severe uncontrolled hypertension on presentation (systolic blood pressure > 180 mm Hg or diastolic blood pressure >110 mm Hg)



Traumatic or prolonged (>10 min) cardiopulmonary resuscitation



Pregnancy










* Does not include menstrual bleeding.


Aspirin is an obligatory adjunct to thrombolysis; its use is associated with an additive benefit on mortality and a decrease in recurrent ischemic events. Clopidogrel therapy with a 300-mg load followed by a daily maintenance dose of 75 mg improves mortality compared with placebo in STEMI patients 75 years and older. Intravenous heparin administered for 48 hours is necessary to maintain patency of the infarct-related artery after successful thrombolysis when a t-PA is administered, but not with streptokinase. Low-molecular-weight heparin may be slightly more effective than unfractionated heparin as adjunctive therapy after successful thrombolysis. Its use is associated with a higher rate of vessel patency and a lower rate of reocclusion, leading to fewer episodes of recurrent ischemia and infarction, albeit with a somewhat increased risk for hemorrhagic complications. For patients who do not reperfuse within 90 minutes of receiving thrombolytics (as evidenced by continued chest pain or continued ST-segment elevation), rescue PCI is generally recommended. Even with successful thrombolysis, there is a 30% chance of culprit vessel reocclusion within 3 months. Risk stratification with a submaximal, symptom-limited stress test or coronary angiography is required during the STEMI hospitalization for thrombolized patients.






POST–MYOCARDIAL INFARCTION COMPLICATIONS


The complications of MI may be categorized as electrical or mechanical (Table 9-9).


Table 9-9 Complications of Acute Myocardial Infarction






	Functional






	


Left ventricular failure



Right ventricular failure



Cardiogenic shock









	Mechanical






	


Free-wall rupture



Ventricular septal defect



Papillary muscle rupture with acute mitral regurgitation









	Electrical






	


Bradyarrhythmias (first-, second-, and third-degree atrioventricular blocks)



Tachyarrhythmias (supraventricular, ventricular)



Conduction abnormalities (bundle branch and fascicular blocks)














Arrhythmias and Conduction Abnormalities


Cardiac arrhythmias may occur in patients with acute coronary syndromes. Those that cause symptoms or hemodynamic compromise almost always warrant treatment, whereas those that do not often can be managed expectantly. Although most of these arrhythmias are a direct result of the ischemic process, other reversible aggravating factors, such as electrolyte disturbances, hypoxemia, and medication toxicity, must be excluded.


Premature ventricular complexes, ventricular couplets, and nonsustained ventricular tachycardia (VT) occur frequently in the peri-infarction period. Although such ectopy can be effectively suppressed with anti-arrhythmic agents, treatment is not warranted in the absence of symptoms or hemodynamic compromise. The presence of frequent ventricular ectopy does not predict the development of more malignant arrhythmias, and empiric therapy of such ectopy is associated with an increased mortality rate. Accelerated idioventricular rhythm, or slow VT, often occurs shortly after successful reperfusion, is self-limited, and does not require treatment.


During the past several decades, mortality in hospitalized patients with acute MI has substantially declined in large part because of the early recognition and treatment of lethal arrhythmias. Because most deaths from acute MI occur as a result of sustained VT or ventricular fibrillation (VF), these rhythm disturbances should be treated with immediate electrical defibrillation, after which administering intravenous anti-arrhythmic medications (e.g., lidocaine, amiodarone) is reasonable for 24 to 48 hours. Sustained but hemodynamically stable VT can be treated initially with anti-arrhythmic agents with electrical cardioversion held in reserve. In the absence of electrolyte abnormalities, polymorphic VT is usually a marker of recurrent or persistent ischemia, and aggressive anti-ischemic treatment is warranted. When sustained VT or VF occurs in the first 48 hours after MI, it does not portend the same poor prognosis as it does when it occurs later.


Transient supraventricular tachyarrhythmias may occur in patients with acute MI, with sinus tachycardia and atrial fibrillation being the most common. The cause of sinus tachycardia (e.g., anxiety, pain, fever, anemia, hypoxemia, hypovolemia, pulmonary vascular congestion, thyrotoxicosis) should be promptly identified and corrected. If atrial fibrillation is accompanied by a rapid ventricular response, with resultant ongoing ischemia or hemodynamic compromise, electrical shock cardioversion should be considered. In the patient with atrial fibrillation and a rapid ventricular response, intravenous β blockers or amiodarone is usually effective for controlling the ventricular response, provided no contraindications to their use exist. Calcium channel blocking agents are also effective but should be avoided in the patient with heart failure. (These arrhythmias are discussed at length in Chapter 10.)


Bradyarrhythmias may complicate acute MI. The most common bradyarrhythmia is sinus bradycardia, which is observed in 20% to 25% of patients with acute MI and is more common in those with inferior than anterior MI. In patients with inferior MI, sinus bradycardia is often associated with hypotension caused by increased vagal tone as a result of stimulation of vagal afferent fibers in the inferoposterior portion of the left ventricle (Bezold-Jarisch reflex). Unless accompanied by hemodynamic instability, sinus bradycardia should be simply observed. If treatment is necessary, intravenous atropine (0.5 to 2 mg) should be administered, aiming for a heart rate of 60 beats/minute and a resolution of symptoms. Temporary pacing is rarely required.


Ischemia and infarction can result in transient or permanent injury to the conduction system. Varying degrees of AV block may occur in patients with acute MI. Ischemia of the AV node can result in first-degree or Mobitz type I second-degree (Wenckebach phenomenon) AV block. These rhythms are most often associated with inferior MI; they are transient, do not adversely affect survival, and do not require treatment unless the ventricular rate is sufficiently slow to produce syncope, congestive heart failure, or angina. Mobitz type II second-degree AV block is a rare complication of acute MI (1% of cases) and usually results from injury to the His-Purkinje system in the setting of an extensive anterior MI. It often is associated with progression to complete or third-degree AV block and is an indication for temporary transvenous or transcutaneous pacing in anticipation of implantation of a permanent pacemaker. Complete or third-degree AV block may occur with inferior or anterior MI. When it occurs in the setting of an inferior MI, the block is usually at the level of the AV node. It is associated with a stable escape rhythm and tends to be transient, although it may take up to 1 to 2 weeks to resolve. As a result, treatment with only a temporary and not a permanent pacemaker is usually required. In contrast, when complete AV block occurs in the setting of an anterior MI, the His-Purkinje system is usually involved. The block is usually permanent, and a permanent pacemaker should be implanted.


Block in one or more branches of the conduction system may occur with acute MI and is more common with anterior than with inferior infarction. Patients with isolated left anterior or left posterior fascicular block or right bundle branch block (RBBB) do not require specific therapy. Conversely, temporary pacing is suggested in patients with new bifascicular blocks (e.g., LBBB or RBBB with left anterior or left posterior fascicular block) because progression to complete heart block is common. If bifascicular block persists after an MI, a permanent pacemaker should be placed.









Congestive Heart Failure and Cardiogenic Shock


Patients who die of cardiac failure after acute MI have extensive myocardial necrosis with loss of at least 40% of the functioning left ventricular muscle mass, as either a consequence of new infarction or a combination of old and new infarctions.


The patient with an acute MI and no evidence on physical examination or chest radiographic studies of left ventricular failure has an excellent prognosis, with only a 2% to 5% in-hospital mortality rate (Killip class I). The individual with some evidence of pulmonary vascular congestion (e.g., basilar rales, S3, radiographic evidence of pulmonary venous congestion) is classified as Killip class II and has a short-term mortality rate of 10% to 15%. In the patient with overt pulmonary edema evidenced on physical examination or chest radiographic studies, mortality rate is 20% to 30% (Killip class III). Finally, the patient with cardiogenic shock is said to be Killip class IV and has a mortality rate of 50% to 60% even with maximal therapy. In these individuals, infarction is associated with systemic arterial hypotension and diminished peripheral perfusion, as manifested by mental confusion, cold and clammy skin, peripheral cyanosis, and oliguria. Hemodynamically, the systemic arterial systolic pressure is less than 90 mm Hg, the cardiac index is less than 1.8 L/m2 per minute, the systemic arteriolar resistance is greatly increased (>2000 dynes/cm5 per second), and the left ventricular filling pressure is elevated (more than 20 mm Hg) for more than 30 minutes. The reduced systemic arterial pressure further diminishes coronary arterial perfusion pressure, thereby increasing myocardial ischemia. The low cardiac output and systemic arterial pressure induce an intense sympathetic discharge that produces peripheral vasoconstriction, further decreasing tissue perfusion and causing a systemic lactic acidosis, which depresses myocardial function. In response to a reduced cardiac output, the heart rate increases, thereby increasing myocardial oxygen demand. As left ventricular filling pressure rises, subendocardial perfusion is further compromised. In short, the hemodynamic and metabolic consequences of cardiogenic shock cause worsening myocardial ischemic injury, which, in turn, leads to worsening left ventricular dysfunction. A cycle of severe hemodynamic impairment and deteriorating myocardial oxygenation is established.


The therapy of the patient with an acute MI and resultant left ventricular dysfunction depends on the extent of such dysfunction. The normotensive individual with symptoms and signs of Killip class II congestive heart failure (i.e., mild orthopnea, basilar rales, S3) usually responds to bed rest, salt restriction, a loop diuretic, and low-dose vasodilator therapy with an ACE inhibitor. Additional therapy with digitalis or other inotropic agents is not usually necessary, nor is invasive hemodynamic monitoring. The management of the patient with more severe heart failure (Killip class III or IV) should be based on a careful assessment of hemodynamic variables obtained with a balloon-tipped flotation catheter in the pulmonary artery and an intra-arterial cannula. Adequate oxygenation should be ensured by continuous pulse oximetry with supplemental oxygen or ventilator support as needed. Placement of a urinary catheter enables the urine output to be assessed accurately, and endotracheal intubation and assisted ventilation may reduce the work of breathing and improve tissue oxygenation. Intravenous furosemide should be administered in an attempt to reduce the pulmonary capillary wedge pressure in the range of 18 to 20 mm Hg; this appears to be the optimal preload in the setting of acute MI. In the normotensive individual, vasodilator therapy with nitroglycerin and oral ACE inhibitors should be instituted to reduce afterload, increase cardiac output, and lower left ventricular filling pressure. The resultant decrease in left ventricular wall stress reduces myocardial oxygen requirements, improves subendocardial perfusion, and helps relieve ischemia. Nitroglycerin should be administered to avoid an excessive reduction in systemic arterial pressure, which may compromise myocardial perfusion, while keeping pulmonary capillary wedge pressure in the range of 18 to 20 mm Hg. The patient with heart failure and hypotension or an inadequate response to diuretics and vasodilators (i.e., cardiac output < 1.8 L/m2 per minute pulmonary capillary wedge pressure > 20 mm Hg) should be treated with intravenous inotropic agents (e.g., dopamine or dobutamine, depending on the systemic arterial pressure). If the patient is only mildly hypotensive, dobutamine is the preferred inotropic agent. Dopamine should be reserved for the patient with more severe hypotension because it may increase pulmonary capillary wedge pressure.


In the patient with severe heart failure or cardiogenic shock, a careful search for a potentially correctable cause should be undertaken. Two-dimensional and color Doppler echocardiography, which can rapidly be performed at the bedside, will allow the clinician to determine whether the shock is due to extensive left ventricular dysfunction or a mechanical problem, such as acute mitral regurgitation, acute ventricular septal defect, extensive right ventricular infarction, or a contained rupture of the left ventricular free wall (see “Mechanical Complications”).


Patients with shock who are examined within the first few hours of the onset of MI should be considered for immediate reperfusion therapy. Thrombolytic agents are less effective in opening the occluded infarct-related artery in the patient with cardiogenic shock, and these agents have not convincingly exerted a beneficial effect in such patients. Conversely, early coronary revascularization within 12 hours of the onset of cardiogenic shock, accomplished percutaneously or surgically, has been shown to improve in-hospital and 1-year survival.


By reducing afterload and increasing myocardial perfusion pressure, intra-aortic balloon counterpulsation may be effective in stabilizing the patient with cardiogenic shock. Although initial hemodynamic improvement in this setting may be dramatic, balloon counterpulsation alone probably does not improve the poor prognosis associated with cardiogenic shock. Rather, counterpulsation should be considered a supportive measure in patients with potentially reversible abnormalities before cardiac catheterization, cardiac surgery, or, in some cases, cardiac transplantation. In patients who remain hemodynamically unstable despite pressors and intra-aortic balloon counterpulsation, percutaneous left ventricular support device implantation should be considered. If these therapies do not improve hemodynamics, a surgical ventricular assist device could be considered.









Right Ventricular Infarction


Right ventricular infarction usually occurs in association with inferior MI because the blood supply to both these areas usually comes from the right coronary artery. The presence of a concomitant right ventricular infarction substantially increases the mortality of an inferior MI. Right ventricular MI results in the clinical triad of hypotension, clear lungs (i.e., normal pulmonary capillary wedge pressure), and prominent jugular venous distention. In the absence of hemodynamic measurements, right ventricular infarction may be confused with hypovolemia, pulmonary embolism, or cardiac tamponade. In fact, the patient with acute right ventricular failure may have a prominent y descent in the atrial pressure tracing (Fig. 9-10), Kussmaul sign, and pulsus paradoxus, all of which mimic pericardial tamponade. Demonstrating ST-segment elevation in the right precordial leads (e.g., >0.1 mV elevation in V4R) confirms the diagnosis of right ventricular infarction. For this reason, a right-sided precordial ECG should be obtained in all patients with inferior MI. The treatment of hypotension in the patient with right ventricular infarction often requires rapid intravascular volume repletion (with a goal right atrial pressure of 12 to 15 mm Hg) and inotropic agents (e.g., dobutamine). A balloon-tipped flotation catheter in the pulmonary artery and an intra-arterial cannula should be used for hemodynamic monitoring. Diuretic and vasodilator (e.g., nitroglycerin) therapy should be avoided because they may provoke hypotension in this setting. If the patient can be supported during the first few days of hemodynamic instability, considerable improvement in right ventricular function often occurs.
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Figure 9-10 Electrocardiographic (ECG), arterial, and Swan-Ganz bedside catheter recordings in a patient with right ventricular infarction. Hypotension is present, and cardiac output, estimated by thermodilution (not shown), is reduced. The pulmonary arterial pressures are normal, whereas the right atrial pressure is elevated, and it demonstrates a prominent y descent.











Mechanical Complications


Mechanical complications of acute MI include papillary muscle rupture, ventricular septal defect, and ventricular free-wall rupture. Patients with these complications frequently experience hemodynamic collapse 3 to 5 days after acute MI. These complications are associated with high mortality rates; they account for about 15% of the mortality from acute MI. Successful immediate reperfusion therapy has reduced the appearance of these complications. Patients with late or unsuccessful reperfusion therapy are at higher risk for these mechanical complications.


Papillary muscle rupture results in acute mitral regurgitation. The resultant sudden increase in left atrial volume causes a significantly elevated left atrial pressure, with resultant pulmonary edema. Papillary muscle rupture occurs most commonly with inferior MI because the posteromedial papillary muscle usually has a single source of blood supply from the right coronary artery. Conversely, the anterolateral papillary muscle has a dual blood supply. A loud, apical holosystolic murmur is usually audible, although an occasional patient with severe mitral regurgitation has no audible murmur. The diagnosis may be rapidly confirmed with transthoracic echocardiography or right-heart ventricular catheterization, with the latter demonstrating large v waves in the pulmonary capillary wedge tracing in the absence of an oxygen step-up in the right ventricle.


An acute ventricular septal defect may occur after anterior or inferior MI. On physical examination, a harsh holosystolic murmur is audible at the left lower sternal border, which may be difficult to differentiate from acute mitral regurgitation; this murmur is often accompanied by a palpable thrill. The diagnosis can be confirmed by obtaining blood samples from each of the cardiac chambers during right heart ventricular catheterization and by demonstrating a higher oxygen saturation in the samples obtained from the right ventricle or pulmonary artery compared with those obtained from the right atrium (e.g., oxygen step-up). Specifically, an increase in oxygen saturation of more than 6% between the right atrium and pulmonary artery strongly suggests the presence of a ventricular septal defect with concomitant left-to-right shunting. Doppler echocardiography also allows visualization of left-to-right shunting of blood through the ventricular septal defect.


Treatment of acute papillary muscle rupture or ventricular septal defect includes inotropic agents, vasodilators, and intra-aortic balloon counterpulsation. These temporizing measures help prepare the patient for urgent cardiac surgery to repair the ventricular septal defect or replace the mitral valve.


Free-wall rupture of the left ventricle almost always results in hemopericardium, cardiac tamponade, and electromechanical dissociation. Survival is uncommon and depends on prompt recognition and emergent surgical repair. In an occasional patient, a pseudoaneurysm or false aneurysm develops when free-wall rupture occurs, so that the rupture is confined by the adherent pericardium, organized thrombus, and hematoma. Because the wall of the pseudoaneurysm contains no myocardium, it may rupture at a later date. The pseudoaneurysm maintains continuity with the left ventricular cavity through a narrow connecting orifice (e.g., neck). In contrast, a true aneurysm represents an area of infarcted myocardium that has become thinned and dilated through a process of ventricular remodeling. True aneurysms have a wide orifice or neck, their walls always contain some myocardial elements, and they rarely rupture. Pseudoaneurysms should undergo prompt surgical resection because of the risk for rupture. Conversely, a true aneurysm does not require urgent surgical resection. Medical treatment of post-MI aneurysms includes aggressive heart failure management with ACE inhibitors, β blockers, aldosterone inhibitors for those with class III or IV heart failure, and consideration of anticoagulant therapy. Those undergoing subsequent CABG and those with aneurysm-related chest pain may be considered for aneurysmectomy.












SECONDARY PREVENTION OF ACUTE CORONARY SYNDROME


Secondary prevention therapies are a critical component of the management of all patients with acute coronary syndrome. About 70% of coronary heart disease deaths and 50% of MIs occur in patients with a prior history of coronary artery disease. Secondary prevention therapies in patients recovering from acute coronary syndrome represent a major opportunity to reduce cardiovascular morbidity and mortality.


Before hospital discharge, patients should be educated regarding adherence to the recommended lifestyle changes and pharmacologic therapies. Patients and their families should receive discharge instructions about recognizing acute cardiac symptoms and appropriate actions to take in order to ensure early evaluation and treatment should symptoms recur. Family members should be advised about cardiopulmonary resuscitation and automatic external defibrillator (AED) training programs.


Lipid management involves dietary therapy that is low in saturated fat and cholesterol (<7% of total calories as saturated fat and <200 mg/day cholesterol). Consumption of fruits, vegetables, fiber, whole grains, and foods enriched with omega-3 fatty acids are encouraged. Antioxidants are not recommended for the secondary prevention of MI. Statins are recommended for patients following an acute coronary syndrome for a goal LDL of less than 70 mg/dL. Weight reduction is recommended to achieve a desirable body mass index range between 18.5 and 24.9 kg/m2. Patients should be advised regarding strategies for weight management and regular aerobic physical activity, usually prescribed initially with cardiac rehabilitation. Patients are encouraged to exercise for at least 30 minutes, preferably daily. Cardiac rehabilitation is recommended for patients with heart failure and after MI or coronary revascularization. Patients with a history of cigarette smoking should be encouraged to stop smoking and avoid secondhand smoke. In addition to smoking cessation counseling, pharmacologic therapy (nicotine replacement, varenicline, bupropion) should be considered. For those with systemic hypertension, a low-sodium diet and antihypertensive medication should be prescribed. Typically, ACE inhibitors and β blockers are recommended. An angiotensin receptor blocker may be used in patients who develop a cough attributed to the ACE inhibitor. For those with systolic dysfunction, diuretics may be prescribed to promote euvolemia. In addition to ACE inhibitors and β blockers (most commonly carvedilol or metoprolol succinate), aldosterone inhibitors are recommended for patients with class III or IV heart failure symptoms. Antiplatelet therapy with both aspirin (75 to 162 mg daily indefinitely) and clopidogrel (75 mg daily for 1 year) is recommended. Warfarin may be used for patients with persistent or paroxysmal atrial fibrillation or flutter and those with a left ventricular thrombus. For patients with an indication for anticoagulation who received a stent, aspirin (75 to 162 mg), clopidogrel (75 mg), and warfarin (goal INR 2 to 3) may be given to those younger than 75 years with a low bleeding risk. Diabetic patients should have hypoglycemic therapy for a goal hemoglobin A1c of less than 7%. Hormone replacement therapy with estrogen plus progestin should not be started for postmenopausal women recovering from an acute coronary syndrome. Women already taking hormone therapy at the time of an acute coronary syndrome should not continue hormone therapy.





Prospectus for the Future






• New methods are needed to identify patients at risk for CAD using genomics and proteomics.



• New treatments are required for treating components of ischemic heart disease (e.g., raising HDL level, lowering hsCRP level, targeting antiplatelet therapy) to reduce cardiac events.



• Evaluation is needed to compare the efficacy and safety of drug-eluting stents with CABG for patients needing coronary revascularization.



• Development of regional cardiac centers is necessary to provide reperfusion therapy for patients with acute MI who enter a hospital that does not have a catheterization laboratory.
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Chapter 10 Cardiac Arrhythmias




Mohamed H. Hamdan









Cardiac Action Potential and Normal Conduction


The electrical activity of a single cardiac cell can be recorded with the aid of a microelectrode and demonstrates that the resting potential of a myocyte is −80 to −90 mV. This resting potential is maintained by the accumulation of potassium inside the cell and the removal of sodium from the cell by the energy-requiring sodium-potassium adenosine triphosphatase (Na+,K+-ATPase). When a cardiac myocyte is depolarized to below threshold level (threshold potential), an action potential is produced by a complex series of ionic shifts (Fig. 10-1A). The action potential can be divided into five phases. Phase 0 is the rapid initial depolarization and is mediated by an increased permeability of the sarcolemma to sodium ions. This phase is followed by phase 1, an early, rapid, repolarization resulting from the movement of potassium out of the cell. The plateau phase (phase 2) of the action potential is mainly determined by the inward movement of calcium ions but also by the movement of sodium, chloride, and potassium ions. Phase 3 constitutes the repolarization phase of the action potential and is the result of the movement of potassium ions out of the cell. Phase 4 of the action potential represents the outward flow of potassium and the inward flow of sodium and results in the gradual depolarization of the cell from resting to threshold potential (see Fig. 10-1B). During the action potential and shortly thereafter, a period occurs during which an adequate depolarizing stimulus fails to elicit an action potential. This period is termed the absolute refractory period and is most closely related to the duration of phase 3 of the action potential.
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Figure 10-1 Genesis of the cardiac action potential. A, Ventricular action potential with predominant ionic currents. B, Sinus node action potential with predominant ionic currents. See text for details. 1f, Hyperpolarization-activated current.




The appearance of the action potential of sinus and atrioventricular (AV) nodal cells is different from that of the typical myocyte. The normal resting potential of these cells is higher (−60 mV), the initial upstroke of depolarization is slower and calcium dependent, and the phase 4 depolarization is highly pronounced (see Fig. 10-1B). The slope of the phase 4 depolarization determines the rate at which a cell will spontaneously depolarize (automaticity) until it reaches threshold potential, thus generating an action potential that is then propagated to surrounding cells. The sinus node usually has the fastest phase 4 depolarization and thus functions as the normal pacemaker of the heart, producing a rate of contraction (heart rate) of 60 to 100 beats/min. If the sinus node fails, the AV node has the next fastest pacemaker rate (about 50 beats/minute). The ventricular myocytes have slow phase 4 depolarization and produce a heart rate of 30 to 40 beats/minute if higher pacemakers fail. When a lower pacemaker focus appropriately fires in the setting of slowing of the higher focus, the firing is termed an escape beat (if single) or an escape rhythm (if sustained).


The autonomic nervous system has important effects on the generation and propagation of cardiac impulses. The sinus and AV nodes are the most richly innervated regions of the heart and are most affected by changes in autonomic tone. Sympathetic stimulation, either directly from sympathetic nerve endings in the heart or indirectly by means of circulating catecholamines, increases the heart rate by increasing the rate of phase 4 depolarization and also increases intercellular conduction velocity. Parasympathetic stimulation has the opposite effects. Vagal tone is, in part, controlled by the baroreceptors of the carotid sinus and aortic arch and responds to increases in blood pressure by increasing vagal output, with a resulting decrease in heart rate and AV nodal conduction velocity.


The normal cardiac impulse starts at the sinoatrial node, passes through the atria to the AV node, where it slows, and then continues down the His-Purkinje system to the ventricular myocardium, where the wave of depolarization terminates because no further tissue exists to depolarize. Further conduction occurs only after a new impulse is formed in the sinoatrial node.









Cardiac Arrhythmias


Cardiac arrhythmias result from disorders of (1) impulse formation and (2) impulse conduction. Disorders of impulse formation include enhanced or abnormal automaticity and triggered activity. Disorders of impulse conduction include conduction block with or without re-entry (defined later). One or more of the previously described electrophysiologic (EP) mechanisms can explain most cardiac arrhythmias.






DISORDERS OF IMPULSE FORMATION


Cardiac depolarization is driven by the sinus node (normal pacemaker), which is located in the high right atrium along the cristae terminalis. This waveform propagates down the AV node and His-Purkinje system, resulting in synchronized activation of both ventricles. Subsidiary pacemakers with a lower discharge rate are mainly present in the AV junction and the His-Purkinje system. These pacemakers do not reach threshold because of overdrive suppression by the sinus node. However, under certain conditions, such as sinus node slowing or conduction block, these pacemaker sites may become active and discharge at their normal rate.


Enhanced automaticity refers to pacemaker cells discharging at a rate faster than their normal rate. By definition, these cells have intrinsic automaticity (slow response type of action potential; see Fig. 10-1B), but under certain conditions (partial depolarization, decrease in threshold, or increase in the slope of phase 4), the automaticity rate is enhanced. Abnormal automaticity refers to spontaneous depolarization resulting in impulse formation in cardiac tissues that lack intrinsic automaticity (fast response type of action potential; see Fig. 10-1A). Under certain conditions, these cells may show spontaneous automaticity, resulting in premature depolarizations, which, if repetitive, can lead to tachycardia. Singular premature atrial or ventricular depolarizations may arise by this mechanism. Some sustained rhythms, including ectopic atrial tachycardia, accelerated junctional or idioventricular rhythms, and some forms of ventricular tachycardia (VT), may also result from increased automaticity. Ischemia, digoxin, methylxanthine toxicity, electrolyte abnormalities, and high catecholamine states are well-known causes of abnormal and enhanced automaticity.


Triggered activity means impulse initiation caused by afterdepolarizations. Afterdepolarizations are oscillations in membrane potentials that occur after the upstroke of the action potential. If the amplitude is large enough to reach threshold, afterdepolarizations can generate a subsequent action potential. By definition, afterdepolarizations must be preceded by at least one action potential, thus the term triggered activity. They do not occur spontaneously but, rather, are triggered by prior activation of the heart. When afterdepolarizations occur during repolarization, they are called early afterdepolarizations (EADs). EADs are usually exacerbated by hypokalemia or potassium channel blockade or drugs and may be catecholamine driven or provoked by a critical heart rate. EADs may also occur spontaneously in patients with congenital long QT syndrome (LQTS). When afterdepolarizations occur after full repolarization, they are called delayed afterdepolarizations (DADs). DADs are more pronounced at fast heart rates, are facilitated by intracellular calcium overload, and account for the mechanism underlying most digoxin-toxic rhythms. They are usually caused by ischemia, catecholamines, and digitalis.









DISORDERS OF IMPULSE CONDUCTION


Disorders of impulse conduction include conduction block with or without reentry. Reentry is the most common mechanism of arrhythmogenesis. During reentry, a depolarization propagates in one direction while blocking in adjacent tissue, returns to depolarize the area not initially excited, and, if successful, will travel around repeating its course. Therefore, three criteria are needed for reentry to be present: (1) two available pathways, (2) unidirectional block in one, and (3) conduction delay in the other with return excitation. Based on these general concepts, three types of reentry have been described: (1) anatomic, (2) functional (leading circle or reentry), and (3) reentry by reflection. Describing these mechanisms in detail is not the purpose of this chapter; however, it should be emphasized that the presence of a discrete anatomic obstacle (such as a scar) is not always needed for reentry, given that conduction delay and block can be caused by many factors, including differences in refractoriness, ischemia, fibrosis, electrolyte abnormalities, and drug toxicity. An example of reentry in which two distinct pathways are present is provided in Figure 10-2. Pathway A conducts rapidly but has a relatively long refractory period. Pathway B conducts slowly but has a relatively short refractory period. In the usual state (see Fig. 10-2A), an impulse enters the two pathways by means of a proximal common pathway. Conduction occurs rapidly down pathway A and, after reaching the distal common pathway, continues distally and proceeds retrograde up pathway B until it intercepts the slow antegrade impulse traveling down this pathway and is extinguished. The surface electrocardiogram (ECG) may appear normal, without evidence of the dual pathways. If a premature depolarization occurs, it also enters the two pathways through the proximal common pathway. If it occurs early enough, it is unable to conduct down pathway A because of the long refractory period of this path (see Fig. 10-2B). The impulse therefore travels down pathway B, which has the short refractory period, and reaches the distal common pathway, where it continues distally. However, because pathway B conducts relatively slowly, by the time the impulse reaches the distal aspect of pathway A, this path is no longer refractory, and the impulse rapidly conducts in a retrograde direction up pathway A, reenters the loop by means of pathway B, and conducts retrograde up the proximal common pathway. If the reentrant circuit is in the AV node, the resulting surface ECG demonstrates a premature complex, initiating a tachycardia, and retrograde P waves may be seen.
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Figure 10-2 Mechanism of reentry. Reentry requires two distinct pathways with disparate conductive and repolarizing properties. A, An impulse enters the two pathways and conducts rapidly down pathway A and slowly down pathway B. When the impulse reaches the distal common pathway, it proceeds distally, as well as traveling retrograde up pathway B, where it is extinguished, owing to collision with the antegrade depolarization in this pathway. B, A premature depolarization enters the pathways but is blocked in pathway A, owing to the long refractory period of this pathway. The impulse travels down pathway B (slowly conducting and rapidly repolarizing) to the distal common pathway, where it proceeds distally, as well as traveling up pathway A, which by then is fully repolarized and able to conduct in a retrograde fashion, allowing the impulse to reenter the loop and produce the reciprocating rhythm.




Reentry can occur at any point along the normal conduction system, including the sinoatrial node, the AV node, and atrial or ventricular myocardium. It may occur in a small focus of cardiac tissue such as the AV node (a micro-reentrant circuit) or involve anatomically distinct pathways such as bypass tracts (a macro-reentrant circuit).


As stated previously, cardiac arrhythmias are the result of disorders in impulse formation or impulse conduction, with reentry being the most common underlying mechanism. Clinically, cardiac arrhythmias can be divided into three categories: (1) premature beats, (2) bradyarrhythmias (slow heart rates), and (3) tachyarrhythmias (fast heart rates).












Premature Beats






ATRIAL PREMATURE COMPLEXES


An atrial premature complex (APC) is defined as a premature activation of the atria arising from a site other than the sinus node. APCs appear on the surface ECG as P waves with morphologic characteristics different from those of the sinus P wave occurring before the anticipated sinus beat (Fig. 10-3A). An APC may conduct with a short, normal, or prolonged PR interval, or it may not conduct at all. The PR interval is determined by the site of origin and the degree of prematurity. If conducted, an APC may be associated with either a normal or a wide (aberrant) QRS complex. Distinguishing aberrant APCs from ventricular premature depolarizations may be difficult. The presence of a full compensatory pause (RR interval surrounding the APC = twice the sinus cycle length) suggests lack of sinus node resetting, thus favoring a ventricular rather than an atrial site of origin. Because the right bundle branch has a longer refractory period than the left bundle branch, an early APC is more likely to conduct with right bundle branch block (RBBB) aberrancy. When nonconducted, an APC may produce only as a small deformity on the T wave followed by a pause. The pause is the result of sinus node resetting, which is common with APCs regardless of whether conducted.
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Figure 10-3 Premature complexes. A, Atrial premature complexes (APCs) with a trigeminal rhythm. An atrial premature beat occurs after every two sinus beats. Note the presence of a P wave (arrows) preceding the QRS complex with a long PR interval caused by decremental conduction in the AV node. The QRS complex is narrow because the origin of the impulse is supraventricular. B, Junctional premature complexes (JPCs) (arrows). JPCs often conduct in a retrograde fashion, resulting in a P wave that is buried in the QRS complex. Similar to APCs, the QRS complex is narrow because the origin of the impulse is supraventricular. C, Ventricular premature complexes (VPCs). Note the wide QRS morphology and the presence of a retrograde P wave (arrow). PVCs might conduct retrograde, resulting in a P wave that follows the QRS.




Twenty-four-hour Holter studies have shown that APC frequency increases with age. APCs occur in patients with normal hearts but appear to be more frequent in patients with structural heart disease such as chronic renal failure and chronic pulmonary disease. APCs have been shown to increase in the early stages of a myocardial infarction (MI), with a subsequent decrease in frequency after 10 days. This characteristic may be related to atrial ischemia, increased filling pressures, or the increased catecholamine state often seen during MI. APCs also appear to be frequent in the setting of pericarditis.


The most common symptoms include palpitations, or the sensation of skipped beats. Dizziness and heart failure–like symptoms might occur in the setting of atrial bigeminy with nonconducted atrial premature beats. Therapy is aimed at treating the underlying disease and eliminating factors that are known to cause ectopic beats such as alcohol and caffeine intake. In patients with symptoms, β blockers should be the first line of therapy, followed by calcium channel blockers and class IC agents such as flecainide and propafenone. Class III agents such as sotalol and amiodarone should be avoided because of pro-arrhythmia risks.









JUNCTIONAL PREMATURE COMPLEXES


A junctional premature complex (JPC) refers to a premature beat originating from the AV junction area, which includes the AV node, the peri-nodal area, and the His bundle. After impulse formation, propagation occurs both in the antegrade direction down the His bundles and in the retrograde direction up to the atria. The result is nearly simultaneous atrial and ventricular depolarization with a surface P wave buried in the QRS complex (see Fig. 10-3B). At times, retrograde atrial activation precedes ventricular activation, resulting in a PR interval as long as 90 minutes. This action is more common when the impulse originates from a peri-nodal site. When the impulse originates from the His bundle, retrograde atrial activation always follows ventricular depolarization, resulting in a retrograde P wave that follows the QRS complex. On some occasions, the impulse fails to propagate in the antegrade direction, resulting in a retrograde P wave that mimics an APC. When a JPC fails to conduct in the retrograde direction, the result is a QRS complex without a P wave. Finally, the impulse might not conduct in either direction but may affect the conduction of subsequent impulses (concealed JPCs), resulting in AV block. In such instances, the diagnosis is based on the presence of manifest JPC in a patient with otherwise normal QRS duration and evidence of intermittent AV block. The mechanism of JPC is believed to be abnormal automaticity, although triggered activity may also be a potential mechanism. They can occur in both normal and abnormal hearts. JPCs are more common in the setting of digitalis toxicity, high-catecholamine states, hypokalemia, and MI.


Most patients with JPCs are asymptomatic. When symptoms occur, skipped beats and palpitations are the most common complaints. More severe symptoms such as dizziness, near syncope, and syncope might occur if the patient has AV block caused by concealed JPCs. Management of JPCs should be focused on correcting the underlying problems. In symptomatic patients with no underlying cause, β blockers are often helpful in suppressing JPCs. Classes I and III antiarrhythmic drugs should only be used in patients with symptoms refractory to β-blocker therapy. In patients with AV block secondary to concealed JPCs, therapy should be aimed at suppressing the junctional beats rather than implanting a pacemaker.









VENTRICULAR PREMATURE COMPLEXES


A ventricular premature complex (VPC) refers to a premature depolarization originating from the ventricles. The impulse often does not conduct to the atria and thus does not reset the sinus node. The result is a wide QRS complex with a compensatory pause (see Fig. 10-3C). When retrograde conduction occurs and the sinus node is reset, a noncompensatory pause will be inscribed. A VPC that occurs early and fails to affect both the next ventricular depolarization and sinus node activity is referred to as interpolated VPC. With an interpolated VPC, the RR interval surrounding the VPC is equal to the sinus RR interval. A supraventricular premature beat may conduct with aberrancy, resulting in a wide QRS complex similar to a VPC. Criteria in favor of a ventricular origin include (1) the absence of a preceding P wave, (2) AV dissociation, (3) marked left axis deviation, (4) a QRS interval longer than 160 minutes, (5) certain configurational characteristics such as Rsr′ in lead V1, QS or rS in lead V6, and concordance (upright or downward QRS in all precordial leads), and finally (6) the presence of a full compensatory pause. VPCs occur in patients with normal and abnormal hearts. The underlying mechanisms include reentry, abnormal automaticity, and triggered activity.


When associated with symptoms, patients with VPCs often complain of skipped beats and palpitations. The presence of frequent VPCs such as in a bigeminal rhythm (VPCs alternating with sinus beats) can significantly lower the effective heart rate, resulting in a low cardiac output state. In such instances, symptoms might include dizziness, near syncope, and syncope. In addition to the presence of symptoms, VPCs can have an impact on prognosis and risk for sudden death. Although VPCs have no prognostic significance in patients with a normal heart, their presence in patients with heart disease is often associated with poor outcome. In patients with a history of MI, the presence of VPCs increases mortality. Suppression of VPCs with anti-arrhythmic drugs, however, has not been shown to reduce mortality. In the Cardiac Arrhythmia Suppression Trial (CAST), randomization of patients with a history of MI, ventricular arrhythmias, and documented arrhythmia suppression with flecainide or encainide showed increased mortality. The largest trial that assessed the effect of amiodarone on the risk for arrhythmic death among MI survivors with frequent VPCs was the Canadian Amiodarone Myocardial Infraction Arrhythmia Trial (CAMIAT). The consensus from this trial was that, unlike other anti-arrhythmic drugs, amiodarone was not associated with excess risk for death. At present, the first drug of choice for the treatment of symptomatic VPCs should be a β blocker. If β-blocker therapy fails, amiodarone or catheter ablation should be considered. With catheter ablation, the VPC site of origin is identified, and radiofrequency energy is applied to eliminate the ectopy. Both amiodarone therapy and catheter ablation should only be considered in patients who continue to have symptomatic VPCs despite β-blocker therapy. In the asymptomatic patient, no drug therapy is needed.












Bradyarrhythmias


Bradyarrhythmias are usually the result of either sinus node dysfunction or atrioventricular block.






SINUS NODE DYSFUNCTION


Sinus node dysfunction may be exhibited as sinus bradycardia, sinus pauses or arrest, or sinoatrial exit block. Patients with sinus node disease may have lightheadedness, dizziness, near syncope, or syncope, or may not have any symptoms at all.


Sinus bradycardia indicates, by definition, a sinus rate less than 60 beats/minute (Fig. 10-4A). The diagnosis of sinus node disease requires that secondary causes be excluded. Increases in vagal tone are frequently seen in young healthy athletes and are a common cause of sinus node slowing. Increased vagal tone also occurs during carotid sinus massage, Valsalva maneuvers, vomiting, increased intracranial pressure, and vasovagal syncope. Other causes of sinus bradycardia include drugs (digitalis, β blockers, calcium channel blockers, and some anti-arrhythmic agents such as sotalol and amiodarone), hyperkalemia, hypothyroidism, and hypothermia. Sinus bradycardia also occurs in the setting of many organic heart diseases, including coronary artery disease, cardiomyopathy, and myocarditis.
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Figure 10-4 Sinus node disturbances. A, Sinus bradycardia at a rate of 49 beats/minute in a patient receiving metoprolol. B, Nonconducted atrial premature complexes (APCs). Note the small deformity on the T wave (arrows) caused by the APCs. The following pause is caused by resetting of the sinus node. C, Sinoatrial exit (second-degree type II) block. Note that the pause is equal to a multiple of the basic PP interval (twice). D, Sinoatrial exit (Wenckebach) block. Note the progressive shortening of the PP interval before seeing the absence of a P wave. E, Sick sinus syndrome. Coarse atrial fibrillation was followed by a prolonged spontaneous period of asystole before restoration of sinus rhythm (tachy-brady syndrome).




Sinus pause is the result of transient failure of impulse formation in the sinus node. When this inactivity is prolonged, it is called sinus arrest. Both conditions are visualized on the ECG as a flat line with no P waves. Depending on the duration of sinus node inactivity, the pause may be terminated by a junctional or ventricular escape beat. Sinus pause or arrest should be differentiated from (1) nonconducted atrial premature beats and (2) sinoatrial exit block (see later discussion). A nonconducted APC usually shows as a small deformity on the T wave (see Fig. 10-4B). Causes of sinus pauses and sinus arrest are similar to those of sinus bradycardia.


Sinoatrial exit block is the result of abnormal transmission between the sinus node and the atrium. Several types of sinoatrial conduction block exist (see later discussion). Because sinoatrial electrograms are not routinely available, only second-degree sinoatrial block might be diagnosed from the surface ECG. Second-degree (type II) sinoatrial exit block is usually inferred by the presence of a pause equal to a multiple of the basic PP interval (see Fig. 10-4C). In some instances, the Wenckebach phenomenon (second-degree [type I]) is observed, resulting in progressive shortening of the PP interval before seeing the absence of a P wave (see Fig. 10-4D). Patients with sinoatrial exit block often have other arrhythmias, including atrial fibrillation, atrial tachycardia (tachycardia-bradycardia syndrome) (see Fig. 10-4E), sinus bradycardia, and AV block.









ATRIOVENTRICULAR BLOCK


The sinus impulse has to traverse the atrium, the AV node, and the His-Purkinje system before reaching the ventricles. This interval is reflected on the ECG as the PR interval. Conduction delay or block can occur at any level, resulting in various types of AV block. AV block is classified into (1) first-degree AV block, (2) second-degree AV block (types I and II), and (3) third-degree AV block.


First-degree AV block occurs when enough prolongation in AV conduction occurs, resulting in a PR interval longer than 200 minutes (Fig. 10-5A). Despite the prolonged PR interval, each P wave is followed by a QRS interval. In patients with first-degree AV block and a narrow QRS complex, the site of block is usually in the AV node. In the setting of a wide QRS complex, the site of block can be at any level but remains most commonly at the level of the AV node. A PR interval longer than 290 milliseconds is almost always associated with AV nodal disease.
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Figure 10-5 Heart block. A, First-degree atrioventricular (AV) block; the PR interval is prolonged (>200 minutes). B, Second-degree AV block, type 1 (Wenckebach). Progressive PR prolongation preceding a nonconducted P wave (arrows) occurs. C, Second-degree AV block, type II. Nonconducted P waves are seen (arrows) in the absence of progressive PR prolongation. D, 2 : 1 AV block in which every other P wave is conducted. E, Third-degree (complete) AV block with AV dissociation and a narrow-complex (AV nodal) escape rhythm.




Second-degree AV block is associated with intermittent failure of the P wave to be conducted to the ventricles. The ratio of P waves to QRS complexes may vary in the same patient. Two types of second-degree AV block have been classified: type I, also called Mobitz type I or Wenckebach phenomenon, and type II, or Mobitz type II. Type I second-degree AV block is characterized by (1) progressive lengthening of the PR interval until a P wave is blocked, (2) progressive shortening of the RR interval until a P wave is blocked, and (3) the RR interval surrounding the blocked P wave is shorter than two PP intervals (see Fig. 10-5B). In the presence of narrow QRS complex, the site of AV block is in the AV node. In patients with a wide QRS complex, the site of AV block can be infranodal in up to 25% of instances. Type II AV block is characterized by intermittent blocked P waves with no change in the PR interval (see Fig. 10-5C). The sinus cycle length is usually constant with the RR interval surrounding the nonconducted P wave equal to twice the sinus cycle length. In the presence of a wide QRS complex, the site of AV block is usually infranodal. In the setting of a narrow QRS complex, the site of block is usually in the His bundle above the bifurcation but may occasionally be in the AV node. In 2 : 1 AV block (see Fig. 10-5D), the site of block is unknown. Findings that favor infranodal block include (1) a history of near syncope or syncope, (2) a QRS duration above 120 minutes, (3) the presence of type II second-degree AV block or third-degree AV block during continuous ECG monitoring, (4) improved AV conduction with carotid sinus massage, and (5) worsening AV conduction with atropine and exercise. Identifying the site of block is important in the asymptomatic patient with 2 : 1 AV block because infranodal block is associated with worse prognosis and mandates the implantation of a pacemaker.


Third-degree AV block or complete AV block is defined by the presence of atrioventricular dissociation and an atrial rate that is faster than the ventricular rate. By definition, the sinus P waves are not conducted, and the QRS complexes are from a subsidiary pacemaker, which usually has a slower rate. The RR and PP intervals are usually constant but bear no relation to each other. The PR interval will vary because the P is independent of the QRS (see Fig. 10-5E).












Tachyarrhythmias


Tachyarrhythmias are divided into supraventricular, ventricular, and preexcited tachycardias. During supraventricular tachycardia (SVT), the ventricles are depolarized through the normal His-Purkinje system, with or without aberrancy, resulting in a narrow or wide complex tachycardia. During VT, the impulse originates from the ventricle and depolarizes the ventricles in an asynchronized fashion, resulting in a wide QRS complex. With preexcited tachycardias, some or all ventricular activation is caused by antegrade conduction down an accessory pathway, resulting in a wide complex tachycardia. A summary of the most common tachyarrhythmias follows.






ATRIAL TACHYARRHYTHMIAS






Atrial Tachycardia


Atrial tachycardia results from an ectopic atrial focus discharging at a rate faster than the sinus rate. The rate is usually 100 to 250 beats/minute, and the P-wave morphology is different from the sinus P wave (Fig. 10-6A) unless the tachycardia focus site is close to the sinus node. The PR interval is usually normal or longer than the PR interval during sinus rhythm. The rhythm is usually regular, although episodes of AV block may result in some irregularities. Most commonly, AV conduction is 1 : 1; however, variable AV block might be seen. When atrial tachycardia occurs with AV block, digoxin toxicity is suggested. Atrial tachycardias are more likely to occur in patients with concomitant heart disease, including coronary artery disease, valvular disease, cardiomyopathies, cor pulmonale, and congenital heart disease. The mechanism of atrial tachycardia can be automaticity, reentry, or triggered activity. In a young patient, automaticity is the most likely mechanism, and, as the age increases, reentry becomes more common. Triggered activity has been suggested, but its role remains poorly defined. In patients with cardiac surgery resulting in atrial scars, reentry around the existing scar can result in atrial tachycardia, called incisional tachycardia. The ECG manifestation of the latter is similar to focal atrial tachycardia, except that the P-wave duration is usually longer. The P-wave morphology and axis are determined by the exit site. Vagal maneuvers usually do not terminate atrial tachycardias but can result in transient AV block, thus unmasking the P waves. When the arrhythmia is not a result of digoxin toxicity, β blockers and calcium channel blockers are the mainstays of therapy, with class I or class III anti-arrhythmic agents reserved for refractory patients. Catheter ablation can eliminate this arrhythmia in 75% to 90% of patients. When atrial tachycardia is the result of digoxin therapy, withholding the agent should be the first step, followed by the administration of digoxin-specific antibodies if the patient is symptomatic.
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Figure 10-6 Atrial tachyarrhythmias. A, Atrial tachycardia with 2 : 1 and variable AV conduction. Note the presence of more P waves (arrows) than QRS complexes. B, Multifocal atrial tachycardia demonstrating an irregularly irregular rhythm at a rate of about 110 beats/minute, with at least three different P-wave morphologies (arrows) and without a dominant underlying rhythm. C, Atrial flutter. Flutter waves are seen as the discrete undulations of the baseline (sawtooth pattern). The conduction rate is variable. D, Atrial fibrillation. The rhythm is irregularly irregular without evidence of organized atrial electrical activity.




Multifocal atrial tachycardia (MAT) is an irregular rhythm defined by the presence of three or more P-wave morphologies and a rate greater than 100 beats/minute (see Fig. 10-6B). It occurs most commonly in patients with underlying lung disease; it is also seen in the setting of an acute MI, hypokalemia, or hypomagnesemia; and it may be a precursor of atrial fibrillation. Aminophylline use may also be a contributing factor. Treatment is directed at the underlying disease. Rate control of this arrhythmia may be difficult, although verapamil is frequently effective.









Atrial Flutter


Atrial flutter (AFL) is a reentrant tachycardia localized to the right atrium with passive activation of the left atrium. The reentrant circuit is limited anteriorly by the tricuspid valve and posteriorly by the cristae terminalis and the eustachian ridge. The direction of impulse propagation around the tricuspid annulus determines the P-wave morphology. If propagation is in the counterclockwise direction, the impulse propagates up the septum and down the lateral wall, resulting in a negative P wave in the inferior leads with a typical sawtooth pattern (see Fig. 10-6C), called typical AFL. If propagation is in the clockwise direction, the P wave is upright in the inferior leads, and the tachycardia is called atypical AFL. The atrial rate during AFL is usually about 250 to 350 beats/minute, with an average rate of 300 beats/minute. The ventricular rate depends on the conduction down the AV node. Usually, conduction is 2 : 1, resulting in a ventricular rate of about 150 beats/minute. In young patients with enhanced AV nodal conduction, the ventricular rate can be as high as the atrial rate, reaching 300 beats/minute. Similarly, in the presence of an accessory pathway, the ventricular rate can be rapid, resulting in hemodynamic compromise and ventricular fibrillation.


AFL may occur in patients with or without structural heart disease and may be precipitated by thyrotoxicosis, pericarditis, and alcohol ingestion. When AFL is associated with hemodynamic compromise or angina, immediate cardioversion should be performed. Relatively low-energy shocks are frequently effective because of the stable nature of the circuit. When the patient is hemodynamically stable, the focus should be on rate control to reduce the risk for tachycardia-induced cardiomyopathy and anticoagulation to reduce the risk for stroke. If patients remain symptomatic despite rate control, rhythm control either pharmacologically or with catheter ablation should be attempted. When class IA anti-arrhythmic agents are used to convert AFL to sinus rhythm, the ventricular rate must first be controlled with digoxin, β blockers, or calcium channel blockers. Class IA agents may slow the flutter rate and augment AV nodal conduction, resulting in 1 : 1 conduction with rapid ventricular rates. Radiofrequency catheter ablation of the reentrant flutter circuit is effective, resulting in the restoration of sinus rhythm in 90% to 95% of patients.









Atrial Fibrillation


Atrial fibrillation (AF) is the most common sustained supraventricular tachyarrhythmia. According to Moe’s hypothesis, AF is maintained by having a critical number of wavelets circulating in the atria. These wavelets may shrink, undergo decremental conduction, collide with another wavelet or a boundary and be mutually annihilated, or encounter functional or anatomic obstacles and create new wavelets by wave breaks, a mechanism referred to as vortex shedding. Other mechanisms such as rapidly firing foci leading to fibrillatory conduction, and the presence of a mother rotor defined as a stable, high-frequency rotating pattern that drives AF, have recently emerged. Technologic advances using optical mapping and frequency analysis have provided evidence for such alternative theories. During AF, multiple reentrant loops continuously circulating in both atria result in ineffective atrial contraction. In addition, the AV node is bombarded at rates greater than 400 beats/minute. Because of the conductive properties, many of the impulses are blocked at the AV node. The resultant ventricular rhythm is irregularly irregular at rates between 120 and 170 beats/minute. At rapid ventricular rates, the rhythm may appear to be regular, although careful measurements will disclose the irregularity. A truly regular ventricular rate in the setting of AF suggests the development of a junctional or ventricular rhythm, both of which may be a reflection of digoxin toxicity. AF may be paroxysmal or chronic and may be the only arrhythmia present or be part of a more generalized rhythm disturbance (sick sinus syndrome). The surface ECG demonstrates an irregular ventricular pattern and the absence of organized atrial activity; that is, no P waves are present (see Fig. 10-6D). Physical examination of a patient in AF reveals variation in the intensity of S1, an irregular cardiac rhythm, and absence of a waves in the jugular venous pulsations. At the very short RR intervals that occur intermittently during rapid heart rates, the minimal diastolic filling time and subsequent low stroke volume fail to produce a palpable pulse. A discrepancy may therefore exist between the auscultated heart rate and the palpable pulse rate, with the auscultated rate being a more accurate reflection of the true ventricular rate.


A clear association of AF with age exists, and a sharp increase in incidence is noted after the seventh decade of life. AF may occur without any identifiable cardiac abnormality but is common in the setting of underlying cardiac disease, including valvular heart disease (especially rheumatic), heart failure, and ischemic cardiac disease. The most frequent predisposing cardiovascular condition for the development of AF is hypertension. AF may also be precipitated by pericarditis, thyrotoxicosis, pulmonary emboli, pneumonia, and acute alcohol ingestion and occurs postoperatively in about one third of patients who undergo cardiac surgery. AF is frequently asymptomatic or associated with only minor symptoms, such as palpitations. In patients with obstructive coronary artery disease, the rapid heart rate associated with the onset of AF may precipitate ischemia. In patients with aortic or mitral stenosis and in other patients who are dependent on the atrial contribution to cardiac output (e.g., patients with left ventricular hypertrophy or with a dilated or hypertrophic cardiomyopathy), the loss of effective atrial contraction with the onset of AF may result in significant hemodynamic compromise. In addition, in patients with bypass tracts (see later discussion), AF may result in extremely rapid ventricular rates with subsequent hemodynamic collapse.


The treatment of AF is threefold: (1) prevention of thromboembolic complications, (2) rate control, and (3) restoration and maintenance of sinus rhythm.






Prevention of Thromboembolic Complications


Because of the ineffective mechanical function of the atria during fibrillation, stasis of blood may occur, especially in the atrial appendages, and result in thrombus formation and subsequent thromboembolic events. In the absence of anticoagulation therapy, AF is associated with a 5%- to 6%-per-year risk for embolic stroke. This risk is increased in the setting of rheumatic valvular disease (>10%). Other clinical factors that increase the risk for stroke in patients with AF include prior stroke, diabetes, hypertension, heart failure, left atrial enlargement, and increasing age. No difference in stroke rate occurs between paroxysmal and chronic AF. Restoration of normal sinus rhythm has not been shown to reduce the risk for stroke. In fact, in the Atrial Fibrillation Follow-up Investigation of Rhythm Management (AFFIRM) trial, a trend toward a higher incidence of stroke in patients randomized to rhythm control was found when compared with rate control, albeit not statistically significant. This trend was most likely caused by the decreased use of warfarin in the rhythm control group. Therefore, any patient with paroxysmal, persistent, or permanent AF who does not have a contraindication to anticoagulation should be treated with warfarin therapy with a target international normalized ratio between 2 and 3.









Rate Control


Rate control in AF is important for several reasons. It has been shown to improve symptoms and quality of life. Symptoms and hemodynamic compromise are increased at faster ventricular rates, and the tachycardic response may induce ischemia in patients with coronary artery disease. In addition, the poorly controlled heart rate may result in the development of progressive ventricular dysfunction. The heart rate can usually be controlled with digoxin, β blockers, or calcium channel blockers. In rare instances, the ventricular rate cannot be controlled by pharmacologic means, and catheter ablation of the AV node and permanent pacemaker implantation are necessary for adequate heart rate control. Occasionally, patients exhibit AF and a relatively slow ventricular rate in the absence of rate-lowering medications. This circumstance usually reflects significant underlying conduction system disease that also often involves the sinus node.









Rhythm Control


Rhythm control has several advantages, including (1) abolition of symptoms, (2) halting atrial enlargement (an independent predictor of stroke), and (3) improvement of left ventricular function and exercise capacity. The main disadvantage is subjecting patients to a drug therapy or procedure that might be associated with complications. As stated before, rhythm control has not been shown to reduce the risk for stroke or to have an impact on mortality when compared with rate control. Therefore, rhythm control should be attempted in patients who are symptomatic despite rate control and in those who have left ventricular dysfunction. When AF is associated with hemodynamic compromise, electrical cardioversion (with 100 to 360 joules) is the treatment of choice. In hemodynamically stable patients with less than 48 hours of AF, the risk for thromboembolism is low, and pharmacologic or electrical cardioversion can be attempted without the need for 3 weeks of anticoagulation (see later discussion). Patients with more than 48 hours of AF, or in whom the duration of the arrhythmia is unknown, are at increased risk for atrial thrombi and should be treated with anticoagulation for at least 3 weeks before an attempt at cardioversion. An alternative approach is to perform a transesophageal echocardiogram; if atrial thrombi are not present, cardioversion can be safely performed. Anticoagulation should be continued for at least 4 weeks after successful cardioversion because effective atrial contraction may be slow to return. The options for maintaining rhythm control include (1) pharmacologic therapy, (2) catheter ablation, and (3) surgical Maze procedure. The class IA (quinidine, procainamide, and disopyramide), class IC (propafenone and flecainide), and class III (sotalol and amiodarone) agents are effective in restoring sinus rhythm and for long-term maintenance therapy. However, the benefits of such therapy must be weighed against the risks for toxicity with these agents, and the probability of maintaining sinus rhythm must be taken into account. The preferred choice of drug therapy for the maintenance of sinus rhythm in patients with paroxysmal and persistent AF, based on the most recent American College of Cardiology/American Heart Association guidelines, is provided in Figure 10-7. Radiofrequency ablation of the ostia of the pulmonary veins or electrical isolation of the pulmonary veins from the left atrium is a procedure that should be reserved to symptomatic patients who have failed drug therapy. Ablation therapy frequently abolishes the arrhythmia, improving symptoms and, at times, left ventricular function in patients with baseline congestive heart failure. The surgical maze procedure involves making surgical lesions in the atria that interrupt reentrant circuits and may restore sinus rhythm in more than 90% of patients. This procedure is usually performed in conjunction with mitral valve surgery.
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Figure 10-7 Drug therapy to maintain sinus rhythm in patients with recurrent paroxysmal or persistent atrial fibrillation. CAD, coronary artery disease; LVH, left ventricular hypertrophy.

















ATRIOVENTRICULAR NODAL (JUNCTIONAL) RHYTHM DISTURBANCES






Atrioventricular Nodal Reentrant Tachycardia


Atrioventricular nodal reentrant tachycardia (AVNRT) is the most common type of paroxysmal SVT and is characterized by the sudden onset and termination of a regular narrow QRS complex tachycardia at rates of 150 to 250 beats/minute (Fig. 10-8A). A wide QRS complex may occur if aberrant conduction occurs in the His-Purkinje system. These rhythms may occur at any age, are somewhat more common in women than men, may occur in the absence of organic heart disease, may be short lived or sustained, and may produce palpitations, chest pain, dyspnea, and presyncope. The substrate for this tachycardia is dual AV node pathways with different effective refractory period (ERP): a fast pathway with a longer ERP and a slow pathway with a shorter ERP. Whether these pathways are exclusively intranodal or not remains controversial, but catheter ablation studies of these pathways have revealed distinct atrial insertion sites, with the fast pathway inserting anteriorly near the His bundle and the slow pathway posteriorly near the coronary sinus ostium.
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Figure 10-8 Atrioventricular (AV) nodal (junctional) rhythm disturbances. A, AV nodal reentrant tachycardia at a rate of 185 beats/minute. The retrograde P waves are hidden in the QRS complexes. B, Automatic junctional tachycardia. Note the presence of AV dissociation during tachycardia. The P waves (arrows) are dissociated from the QRS complexes. C, Normal sinus rhythm in a patient with Wolff-Parkinson-White (WPW) syndrome. Note the short PR interval (<120 minutes), the slurring of the initial portion of the QRS (delta wave), and the wide QRS complex. D, Normal sinus rhythm in a patient with Lown-Ganong-Levine pattern. Note the short PR interval without the presence of a delta wave or wide QRS complex. E, Orthodromic AV reentrant tachycardia at a rate of 146 beats/minute in a patient with WPW syndrome. The retrograde P waves are clearly seen altering the normal T-wave contour (arrow). F, Atrial fibrillation in a patient with WPW syndrome. Note the rapid and irregular ventricular response with widening of the QRS secondary to preexcitation.




At least two types of AVNRT have been identified. In the usual form (typical), the impulse propagates antegrade down the slow pathway and retrograde up the fast pathway. Because retrograde conduction is over the fast pathway, atrial and ventricular depolarizations are almost simultaneous, resulting in a P wave buried in the QRS complex, or appearing at its terminal portion, resulting in pseudo S wave in the inferior leads and a pseudo R′ in lead V1 (see Fig. 10-8A). In the unusual form of AVNRT, antegrade conduction is over the fast pathway, and retrograde conduction is over the slow pathway, resulting in a P wave after the QRS complex with a long RP interval. AVNRT is usually initiated with premature stimuli and terminated by premature beats, vagal maneuvers, adenosine, or other cardiac medications known to cause block in the AV node. Vagal maneuvers (e.g., carotid sinus massage, Valsalva maneuver, coughing) may terminate an episode by causing a transient AV nodal blockade. Adenosine (6 to 12 mg intravenously) terminates episodes in more than 95% of patients and is the treatment of choice if vagal maneuvers fail. In rare instances, direct current cardioversion is necessary. Intravenous β blockers, digoxin, or calcium channel blockers are also an extremely effective acute therapy, and their oral formulations are effective chronically. Classes IC and III anti-arrhythmic agents are useful in resistant patients. In rare instances, direct current cardioversion is necessary. Radiofrequency catheter ablation of one limb of the reentrant circuit (slow pathway) can cure AVNRT in more than 90% of patients, with a low risk for inducing complete heart block (<2%) that might require the placement of a permanent pacemaker.









Automatic Junctional Tachycardia


Automatic junctional tachycardia (AJT) is characterized as a rapid irregular SVT with episodes of AV dissociation (see Fig. 10-8B). The rate ranges between 110 and 250 beats/minute, and the QRS interval is usually narrow but may be wide secondary to bundle branch block. AJT was first described in infants and children but has also been reported in adults in which the prognosis is more benign. Abnormal automaticity is believed to be the mechanism responsible for AJT. This tachycardia is usually sensitive to catecholamines but can sometimes be terminated with carotid sinus massage and adenosine. β blockers, calcium channel blockers, and classes IC and III anti-arrhythmic drugs should be the first line of therapy. When drug therapy fails, radiofrequency can result in cure; however, it is associated with a significant risk for AV block (20%), requiring the implantation of a permanent pacemaker. AJT must be differentiated from the more common nonparoxysmal junctional tachycardia. The latter is regular, has a slower rate (70 to 120 beats/minute) and occurs in the setting of digitalis toxicity, inferior MI, metabolic derangements, chronic lung disease, or after cardiac surgery. The mechanism of nonparoxysmal junctional tachycardia is believed to be triggered activity secondary to DADs. Digoxin toxicity must always be excluded as a cause. Specific therapy for nonparoxysmal junctional tachycardia is usually not necessary.












WOLFF-PARKINSON-WHITE SYNDROME AND ATRIOVENTRICULAR RECIPROCATING ARRHYTHMIAS


Normally, the AV node is the only pathway that allows the wave of depolarization to conduct from the atria to the ventricles. However, anomalous bands of tissue (accessory pathways or bypass tracts) may exist and form an additional conduction pathway. The conductive properties of these bypass tracts differ from those of the AV node in that they do not produce the decremental conduction property of normal conduction tissue. In other words, they do not conduct slower at rapid rates. Conduction through the bypass tracts may be unidirectional or bidirectional. These properties provide the substrate for macro-reentrant arrhythmias (see previous discussion) using the bypass tract as one limb of the reentrant circuit and the AV node as the other. Other, less frequent pathways have been reported, such as AV nodal bypass tract, a direct communication between the atria and the His-Purkinje system, nodoventricular fibers connecting the AV node to the ventricular myocardium, and fasciculoventricular connections from the His-Purkinje system to the ventricles. Most patients with bypass tracts have otherwise anatomically normal hearts, although the incidence of right-sided accessory pathways is increased in patients with Ebstein anomaly of the tricuspid valve. Similarly, an association with left-sided accessory pathways and mitral valve prolapse and hypertrophic cardiomyopathy has been noted.






Wolff-Parkinson-White Syndrome during Normal Sinus Rhythm


During normal sinus rhythm, when the AV bypass tract conducts in an antegrade fashion, the ventricular muscle will be activated by the atrial impulse sooner than would be expected if the impulse reached the ventricles only by way of the normal AV conduction. This activity is referred to as preexcitation. The result is a short PR interval (<120 minutes) and a wide QRS complex with slurring of the initial portion of the QRS, referred to also as a delta wave. The QRS is wide because it is a fusion complex created by ventricular activation through two separate pathways, the AV node and the accessory pathway (see Fig. 10-8C). The extent of preexcitation is determined by the conductive properties of the pathway and the AV node in addition to the accessory pathway location. Wolff-Parkinson-White (WPW) syndrome refers to the presence of preexcitation and a history of paroxysmal tachycardia. When preexcitation is present alone without paroxysmal tachycardia, the patient is referred to as having WPW pattern. Occasionally, the accessory pathway conducts only in the retrograde direction, that is, from the ventricle to the atrium without any antegrade conduction and thus ventricular preexcitation. This circumstance is referred to as a concealed accessory pathway because its presence is not evident on the surface ECG when the patient is in normal sinus rhythm. As stated before, some accessory pathways connect the atria to the His-Purkinje system. The result is a short PR interval because the atrial impulse will be bypassing the AV node, but a normal QRS complex is seen because the ventricles are activated through the normal His-Purkinje system (see Fig. 10-8D). This circumstance is referred to as Lown-Ganong-Levine pattern; when it is associated with a history of tachycardias, it is referred to as the Lown-Ganong-Levine syndrome.









Arrhythmias in Patients with Wolff-Parkinson-White Syndrome


The most common arrhythmia in WPW syndrome is orthodromic AV reentrant tachycardia (AVRT) in which the AV node is used as the antegrade limb of the circuit and the bypass tract as the retrograde limb. This circumstance results in a narrow-complex QRS tachycardia on the surface ECG (see Fig. 10-8E), unless aberrant conduction is present. A retrograde P wave may be noted, usually with a short RP interval. Less commonly, antidromic AVRT may occur that uses the accessory pathway as the antegrade limb and the AV node as the retrograde limb. This circumstance results in complete preexcitation of the ventricles with a wide, bizarre QRS complex on the ECG. Because the AV node is an intrinsic component of both forms of AVRT, transient blockade of the AV node by vagal maneuvers or medications will interrupt the circuit and terminate the tachyarrhythmia. The incidence of atrial tachyarrhythmias, such as AF or AFL, is increased in patients with bypass tracts. When these arrhythmias occur, rapid ventricular rates often occur and may precipitate hemodynamic collapse and sudden death (see Fig. 10-8F).









Treatment of Patients with Wolff-Parkinson-White Syndrome


In a patient with a delta wave noted on the ECG but without any symptoms, no specific therapy is required. In patients with frequent episodes of AVRT, transient blockade of the AV node by vagal maneuvers or medications will interrupt the circuit and terminate the tachyarrhythmia. Chronic pharmacologic therapy with drugs that prolong the refractory period of the accessory pathway (class IA, IC, or III anti-arrhythmic agents) is effective. Drugs that slow conduction in the AV node (digoxin, β blockers, or calcium channel blockers) should be avoided in patients with WPW because they may enhance conduction down the accessory pathway and increase the ventricular rate during AF and AFL. Indeed, when atrial tachyarrhythmias occur in patients with WPW, AV nodal-blocking drugs are contraindicated; in this setting, digoxin, β blockers, or calcium channel blockers may result in slowing of conduction through the AV node with resultant preferential excitation of the ventricles through the accessory AV connection. Intravenous procainamide is the drug of choice for acutely controlling the rate of AF or AFL in patients with bypass tracts. Electrical cardioversion should be considered early in these patients. Radiofrequency catheter ablation of the accessory pathway has become the therapy of choice for symptomatic patients and has a success rate in excess of 95%.












VENTRICULAR RHYTHM DISTURBANCES






Ventricular Tachycardia


VT is defined as three or more consecutive ventricular depolarizations occurring at a rate greater than 100 beats/minute. The resulting QRS complexes on the surface ECG are aberrant, as described earlier for VPCs, and may be monomorphic or polymorphic (Fig. 10-9A). Evidence of independent atrial activity may be present (AV dissociation); however, when retrograde conduction to the atria is present, AV dissociation is not seen. Occasionally, a normal sinus depolarization may be conducted to the ventricles before the pathologic ventricular depolarization occurs and results in a normal-appearing QRS complex, called a capture beat. If the atrial depolarization reaches the ventricles simultaneously with the spontaneous ventricular depolarization, a fusion complex will result. These abnormalities are pathognomonic for VT. VT that lasts for more than 30 seconds or requires termination because of hemodynamic instability is considered sustained; VT that lasts less than 30 seconds and is hemodynamically stable is considered nonsustained.
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Figure 10-9 Ventricular rhythm disturbances. A, Monomorphic ventricular tachycardia at a rate of 200 beats/minute. The QRS complex is wide, and P waves are seen to occasionally alter the QRS morphology (arrows), reflecting AV dissociation. B, Ventricular fibrillation. An agonal rhythm is initially present (arrows) but deteriorates into ventricular fibrillation. The baseline is irregular without evidence of organized ventricular electrical activity.




VT occurs most frequently in patients with underlying heart disease, including acute ischemia, prior infarction with scar formation, congestive cardiomyopathy, right ventricular dysplasia, and hypertrophic heart disease. The mechanism is usually reentry in the ventricular myocardium, although it may also arise in a diseased portion of the conduction system (e.g., bundle branch reentry). Metabolic abnormalities, such as hyperkalemia and hypoxia, and medications, such as digoxin and antiarrhythmic agents, may also precipitate VT, likely as a result of triggered activity. On the other hand, VT can occur in the absence of structural heart disease. This type of VT accounts for only 6% of all clinical VTs and is called idiopathic VT. Idiopathic VT is best classified according to its site of origin. Right ventricular outflow tract VT (RVOT-VT) is the most common type of idiopathic VT originating from the right ventricular outflow tract with left bundle branch block–inferior axis morphology. The mechanism of this tachycardia is believed to be triggered activity. This tachycardia occurs in otherwise healthy individuals, is very sensitive to catecholamines, and terminates with adenosine, thus the term adenosine-sensitive VT. The other type of idiopathic VT originates from the septum near the apex of the left ventricle resulting in RBBB–superior axis morphology. The mechanism of idiopathic left VT has been shown to be reentry with involvement of the distal His-Purkinje system. Idiopathic left VT is known to be verapamil sensitive, thus the term verapamil-sensitive VT.


Nonsustained VT requires no treatment unless the patient is symptomatic. In most instances, nonsustained VT is associated with left ventricular dysfunction, which independently, if moderate to severe, is an indication for the implantation of an implantable cardioverter-defibrillator (ICD). When patients are symptomatic, the choice of medical therapy is dictated by the presence or absence of structural heart disease. In patients with normal left ventricular function, β blockers, calcium channel blockers, and class IC and class III agents should be used, in that order. In patients with left ventricular dysfunction, β blockers followed by amiodarone are usually the drugs of choice. An important point to note is that, although this arrhythmia is often a marker for increased cardiac mortality in some patients with structural or ischemic heart disease, suppression of this arrhythmia with pharmacologic treatment has not been shown to decrease mortality in most settings. Patients with sustained VT that is associated with hemodynamic compromise, angina, or heart failure should undergo synchronized cardioversion. When stable, sustained VT should be managed with intravenous drug therapy such as amiodarone or lidocaine. If left ventricular function is normal, procainamide and sotalol may also be used. If drug therapy fails, synchronized cardioversion should be performed. Following the acute treatment, most patients receive an ICD unless a reversible cause has been identified (e.g., ischemia, metabolic abnormalities, drug toxicity). Ventricular tachyarrhythmias that occur in the setting of acute MI respond to treatment of the ischemia and do not necessarily require prolonged anti-arrhythmic therapy. In the rare instances of idiopathic VT, catheter ablation may provide a permanent cure, with a success rate of 90%. Catheter ablation is also used as an adjunctive therapy in patients with ICDs who have recurrent or incessant VT. With improvements in interventional techniques, localization of the abnormal ventricular foci and subsequent radiofrequency ablation may be curative in many forms of VT, including those associated with previous MI.









Ventricular Flutter


Ventricular flutter (VFL) is a form of monomorphic VT occurring at a rate of 280 to 300 beats/minute and is a hemodynamically unstable rhythm. Ventricular fibrillation (VF) is a disorganized, chaotic, ventricular rhythm that results in ineffective ventricular contraction, rapid hemodynamic collapse, and death if not immediately terminated (see Fig. 10-9B). VF is recognized on ECG by coarse undulations of the baseline without identifiable QRS complexes, ST segments, or T waves. It may occur in the setting of ischemia, metabolic abnormalities, and drug toxicity, or it may degenerate from VT, either spontaneously or after attempted cardioversion. Treatment with immediate nonsynchronized direct current shock at 360 joules (or equivalent biphasic) is required in all instances. Several shocks may be required for termination of this arrhythmia, and concurrent treatment of precipitating causes is essential. Once the rhythm has been successfully terminated, an intravenous anti-arrhythmic agent such as amiodarone or lidocaine should be started to prevent recurrences. If VF is the result of an acute reversible cause, no chronic therapy is required. However, if VF occurs as a result of fixed underlying cardiac disease, implantation of an ICD is indicated.















Approach to the Patient with Suspected Arrhythmias






HISTORY


Many, if not most, arrhythmias occur intermittently, and patients are often asymptomatic at the time of evaluation. Therefore, with the suggestion of an arrhythmic problem, the necessity and urgency for further evaluation must frequently be determined by the history alone. Palpitations, syncope, presyncope, dizziness, chest pain, and symptoms of heart failure are the most common complaints of patients with arrhythmic disorders. Palpitations give a sensation of a rapid or irregular heartbeat. Characterizing the pattern (regular or irregular, intermittent or continuous) and rate of palpitations by having patients tap their fingers on a table to the rhythm of the palpitations may help determine their cause. For instance, occasional skipped beats are likely the result of premature atrial or ventricular beats, whereas periods of rapid, irregular heartbeats may be reflective of paroxysmal AF. The perception of palpitations does not invariably correlate with arrhythmias; some patients have tachyarrhythmias without palpitations, whereas other patients have palpitations without tachyarrhythmias. Only simultaneously recording the ECG and documenting the symptoms can confirm the correlation between the symptoms and an arrhythmia. Syncope is the sudden, transient loss of consciousness. Obtaining a complete history of the events immediately preceding and after a syncopal episode will suggest the diagnosis in most patients for whom a diagnosis is eventually determined. Chest pain may be a manifestation of palpitations or may represent arrhythmia-induced cardiac ischemia. Similarly, cardiac arrhythmias may also precipitate or exacerbate congestive heart failure. A prior history of cardiac disease is important to elicit. Patients with palpitations or syncope and a history of cardiomyopathy or prior MI frequently have ventricular tachyarrhythmias, whereas patients with valvular heart disease or hypertension frequently develop AF. A family history of cardiac disease (e.g., dilated or hypertrophic cardiomyopathy, bypass tracts, sudden cardiac death, LQTS) is important to note.









PHYSICAL EXAMINATION


In addition to noting the pulse rate and rhythm, a thorough examination is useful for identifying evidence of underlying cardiac disease. When patients are examined during an arrhythmic episode, several clues to the nature of the arrhythmia may be present. Evidence of AV dissociation suggests a ventricular arrhythmia and includes variable intensity of S1 (because of variations in the PR interval), intermittent cannon a waves in the jugular venous pulsation, and a cacophony of sounds (as a result of atrial systole occurring during various parts of the cardiac cycle, generating intermittent S3 and S4). The S2 may become widely or paradoxically split if a bundle branch block develops during an arrhythmia. Nonetheless, these findings are not diagnostic of a ventricular source of the arrhythmia because bundle branch blocks and, rarely, AV dissociation may occur during supraventricular tachyarrhythmias as well.









USEFUL TESTS






Electrocardiogram


The ECG taken during the arrhythmia is usually diagnostic. If P waves are not obvious, moving the arm leads to a parasternal position (Lewis leads) or using an esophageal electrode (placed 40 cm into the esophagus by means of a nasogastric tube) may help discern atrial activity. In patients who exhibit a hemodynamically stable supraventricular tachyarrhythmia, carotid sinus massage or pharmacologic therapy with adenosine or verapamil may slow or block conduction in the AV node, resulting in either tachycardia termination or the identification of the underlying rhythm. Carotid sinus massage is performed with the patient in the supine position by applying light pressure for 5 to 10 seconds over the carotid impulse at the angle of the jaw. A successful test should result in slowing of the ventricular rate (Fig. 10-10). If no effect is noted, massage can be performed over the contralateral carotid impulse. This test should not be performed if carotid bruits are present. Unfortunately, many patients are examined after the arrhythmia has resolved. Nonetheless, clues may be present on the resting ECG. A delta wave is diagnostic of WPW syndrome, which is associated with AV reentrant arrhythmias and AF. Evidence of prior MI raises the suspicion of ventricular tachyarrhythmias.
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Figure 10-10 Carotid sinus massage during atrial flutter with resultant unmasking of the underlying flutter waves.




When a wide-complex tachycardia is present, determining whether it is VT or SVT with aberrancy is important because the therapeutic and prognostic implications differ significantly. When an SVT is associated with a narrow-complex QRS, the diagnosis is straightforward. However, when an SVT occurs in the setting of a preexisting bundle branch block or conducts aberrantly as a result of rate-related block in the His-Purkinje system, the resulting QRS complex is wide and may be difficult to distinguish from VT. Several features may be helpful in making this distinction. The presence of AV dissociation, capture beats, or fusion complexes is diagnostic of VT. However, the absence of these findings is not helpful because they are present in less than 50% of instances. A wide-complex tachycardia occurring in the presence of ischemia or in a patient with known ischemic heart disease is VT in more than 90% of instances. The heart rate, blood pressure, and presence or absence of symptoms do not differentiate these arrhythmias, whereas intermittent cannon a waves in the jugular venous pulsations suggest VT. If an abnormal QRS complex is present when the patient is in normal sinus rhythm and the QRS complex during the tachycardia is identical to the one in normal sinus rhythm, the rhythm is likely SVT. Adenosine may be useful in determining the cause; with SVT, adenosine-induced blockade of the AV node will terminate the tachycardia in most instances, given that 90% of SVT involve the AV node (60% AVNRT, 30% AVRT). In the remainder of patients, adenosine-induced AV block will unmask the atrial activity and thus help make the diagnosis. In rare instances, adenosine may terminate a VT when the tachycardia originates from the right ventricular outflow tract. Verapamil should never be used as a diagnostic test because it may precipitate ventricular fibrillation if the initial rhythm is VT. Table 10-1 lists the features that may help differentiate these arrhythmias from one another.


Table 10-1 Features that May Differentiate Ventricular Tachycardia from Supraventricular Tachycardia with Aberrancy






	Helpful Features

	Implications






	Positive QRS concordance

	Diagnostic of VT






	Presence of AV dissociation, capture beats, or fusion beats

	Diagnostic of VT






	Atypical RBBB (monophasic R, QR, RS, or triphasic QRS in V1; R : S ratio < 1, QS or QR, monophasic R in V6)

	Suggests VT






	Atypical LBBB (R >30 min or R to S [nadir or notch] > 60 min in V1 or V2; R : S ratio < 1, QS or QR in V6)

	Suggests VT






	Shift of axis from baseline

	Suggests VT






	History of CAD

	Suggests VT






	QRS during tachycardia identical to QRS during sinus rhythm

	Suggests SVT






	Termination with adenosine

	Suggests SVT







AV, atrioventricular; CAD, coronary artery disease; LBBB, left bundle branch block; RBBB, right bundle branch block; SVT, supraventricular tachycardia; VT, ventricular tachycardia.









Recording Devices


Because of the intermittent nature of arrhythmias, prolonged recording devices are more effective than a single ECG in electrocardiographically capturing an arrhythmia. Ambulatory ECG (Holter) monitors continuously record the rhythm and are useful in patients who have frequent episodes of presumed arrhythmic symptoms. Patient-activated event monitors, or loop recorders, can be worn for weeks at a time and continuously monitor the patient’s heart rhythm. If symptoms occur, the patient activates the device, which then permanently records the rhythm for several minutes before and after the event and transmits the recorded rhythm by telephone to a central monitoring facility. This type of monitor is useful if the patient has infrequent symptoms. For patients with very infrequent symptoms, an implantable event monitor can be placed under the skin of the chest wall and can remain in place for up to 1 year. All these devices are useful in diagnosing arrhythmias, determining the relationship (if any) of the patient’s symptoms to an arrhythmia, monitoring the efficacy of anti-arrhythmic therapy, and evaluating artificial pacemaker function. If a patient’s symptoms are exertion related, formal exercise testing may be useful.









Head-Up Tilt-Table Testing


In patients with suggested neurocardiogenic syncope, head-up tilt-table testing may reproduce their symptoms. This procedure is performed by strapping a patient to the tilt table, then tilting the table 60 to 80 degrees vertically for 15 to 60 minutes. The presumed mechanism of tilt-induced syncope involves a postural decrease in ventricular filling, resulting in increased sympathetic activity and ventricular contraction. This increased contraction is believed to result in the activation of cardiac mechanoreceptors (C fibers), leading to reflex increase in vagal tone and withdrawal of peripheral sympathetic tone. The result is bradycardia-induced low cardiac output in addition to vasodilation leading to hypotension. The sensitivity of the test in detecting neurocardiogenic syncope can be up to 85% depending on the tilt protocol used, with a relatively low false-positive rate (<15%). The administration of intravenous isoproterenol or sublingual nitroglycerin increases the diagnostic yield of the test while decreasing its specificity.









Electrophysiologic Study


Invasive EP studies are performed by recording the electrical activity of the heart through catheters strategically positioned in the right atrial and ventricular chambers. This test may be useful in a group of patients in whom conduction disorders of the sinus or AV node are suggested. The results may help determine the mechanism of heart block and the need for permanent pacemaker implantation. More commonly, EP studies are used to evaluate patients with documented tachyarrhythmias or with syncope for which a tachyarrhythmia is suggested as the cause. Both supraventricular and ventricular tachyarrhythmias may be reproduced by programmed electrical stimulation. If a tachyarrhythmia is induced, the application of radiofrequency energy at the arrhythmia site of origin or targeting a critical component of the arrhythmia circuit often leads to tachycardia termination.















Syncope


Syncope is defined as sudden, transient loss of consciousness and may be the result of a variety of cardiac and noncardiac conditions (Table 10-2). Presyncope is a feeling of impending syncope without true loss of consciousness. Cardiovascular causes are responsible for most syncope episodes and produce loss of consciousness by means of a drop in blood pressure, with resultant bilateral cortical or brainstem hypoperfusion. Cerebrovascular disease is an uncommon cause of syncope, unless bilateral carotid artery disease or vertebrobasilar disease is present.


Table 10-2 Causes of Syncope






	Cause

	Features






	Peripheral Vascular or Circulatory






	Vasovagal syncope (neurally mediated)

	Prodrome of pallor, yawning, nausea, diaphoresis; precipitated by stress or pain; occurs when patient is upright, aborted by recumbency; fall in blood pressure with or without a decrease in heart rate






	Micturition syncope

	Syncope with urination (probably vagal)






	Post-tussive syncope

	Syncope after paroxysm of coughing






	Hypersensitive carotid sinus syndrome

	Vasodepressor and/or cardioinhibitory responses with light carotid sinus massage (see text)






	Drugs

	Orthostasis






	 

	Occurs with antihypertensive drugs, tricyclic antidepressants, phenothiazines






	Volume depletion

	Orthostasis






	 

	Occurs with hemorrhage, excessive vomiting or diarrhea, Addison disease






	Autonomic dysfunction

	Orthostasis






	 

	Occurs in diabetes, alcoholism, Parkinson disease, deconditioning after a prolonged illness






	Central Nervous System






	Cerebrovascular

	Transient ischemic attacks and strokes are unusual causes of syncope; associated neurologic abnormalities are usually present






	Seizures

	Warning aura sometimes present, jerking of extremities, tongue biting, urinary incontinence, postictal confusion






	Metabolic






	Hypoglycemia

	Confusion, tachycardia, jitteriness before syncope; patient may be taking insulin






	Cardiac






	Obstructive

	Syncope is often exertional; physical findings consistent with aortic stenosis, hypertrophic obstructive cardiomyopathy, cardiac tamponade, atrial myxoma, prosthetic valve malfunction, Eisenmenger syndrome, tetralogy of Fallot, primary pulmonary hypertension, pulmonic stenosis, massive pulmonary embolism






	Arrhythmias

	Syncope may be sudden and occurs in any position; episodes of dizziness or palpitations; may be a history of heart disease; bradyarrhythmias or tachyarrhythmias may be responsible—check for hypersensitive carotid sinus







The most important aspect of the approach to the patient with syncope is obtaining a thorough history, both from the patient and from any witnesses to the episode. The conditions during which a syncopal episode occurs may suggest the cause. For instance, syncope that occurs on arising from a lying or sitting position suggests orthostasis. Exercise-induced syncope suggests obstructive cardiac disease, such as aortic or mitral valve stenosis or hypertrophic cardiomyopathy. Syncope during straining, coughing, or micturition is the result of Valsalva-induced decrease in venous return. A history of palpitations preceding the event suggests an arrhythmic cause. Syncope that occurs during emotional stress suggests a vasovagal episode. Certain features may suggest a noncardiac cause, including incontinence or tonic-clonic movements, which suggest seizure. Patients who suffer a cardiac syncopal episode usually regain consciousness rapidly (<5 minutes). Longer episodes of unresponsiveness suggest a noncardiac cause. Review of the patient’s medications is important and may suggest drug-induced hypotension or arrhythmias as the cause of a syncopal episode.


The physical examination of a patient with syncope should include evaluation of orthostatic changes in the heart rate and blood pressure, a thorough cardiac examination to exclude significant murmurs, a neurologic examination, and carotid sinus massage when the history suggests carotid sinus sensitivity as the diagnosis. A 12-lead ECG should be obtained and may be diagnostic of the cause of syncope (e.g., complete heart block) or reveal abnormalities that warrant further evaluation (e.g., prior myocardial infarction, conduction system disease, nonsustained VT, a delta wave of WPW syndrome).


Further cardiac testing is useful in select patients. An echocardiogram is helpful in patients in whom structural heart disease or an arrhythmic cause is suspected. A 24-hour Holter monitor or an event monitor may be helpful in evaluating for possible arrhythmias. In patients with recurrent syncope without evidence of a structural or arrhythmic cause and in patients in whom the history suggests vasovagal or neurocardiogenic syncope, tilt-table testing may be useful (see earlier discussion). In patients in whom the history, ECG, or Holter monitoring suggest a tachyarrhythmia or bradyarrhythmia as the cause of syncope, EP testing is indicated (see earlier discussion). However, in patients with a normal resting ECG and no structural heart disease, the diagnostic yield of EP testing is so low that it is rarely useful. Figure 10-11 offers a diagnostic approach to the patient with syncope. Despite all these diagnostic modalities, in more than 30% of all patients with syncope, the cause remains unknown. Fortunately, these patients can be reassured of a good prognosis.
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Figure 10-11 Diagnostic approach to the patient with syncope. AA, anti-arrhythmic; AICD, automatic implantable cardioverter-defibrillator; AS, aortic stenosis; CMP, cardiomyopathy; ECG, electrocardiogram; EPS, electrophysiologic study; MS, mitral stenosis; SAECG, signal-averaged ECG.











Sudden Cardiac Death


Sudden cardiac death (SCD) is commonly defined as a natural, unexpected death occurring within 1 hour of the onset of symptoms. Sudden death may be the result of a variety of cardiac and noncardiac diseases (Table 10-3), although cardiac causes are by far the most common. SCD accounts for an estimated 300,000 deaths per year—more than 50% of all deaths from cardiac causes—and is the leading cause of death among men 20 to 60 years old. Ventricular tachyarrhythmias (VT and VF) occurring in the setting of ischemic heart disease account for the mechanism of death in most of these patients. Polymorphic VT occurring in the setting of LTQS (see later discussion), short QT syndrome (see later discussion), Brugada syndrome (see later discussion), and hypertrophic cardiomyopathy are also common causes of SCD, particularly in young patients. VT in the absence of underlying heart disease and rapid conduction of AF or AFL over an accessory bypass tract precipitating VT or VF account for other tachyarrhythmic causes of SCD. Bradyarrhythmias and pulseless electrical activity, a condition during which the electrical activity of the heart continues in the absence of mechanical contraction, account for only a small proportion of SCD.


Table 10-3 Causes of Sudden Cardiac Death






	

Noncardiac



Central nervous system hemorrhage



Massive pulmonary embolus



Drug overdose



Hypoxia secondary to lung disease



Aortic dissection or rupture


Cardiac



Ventricular fibrillation



Myocardial ischemia/injury



Long QT syndrome



Short QT syndrome



Brugada syndrome



Arrhythmogenic right ventricular dysplasia



Ventricular tachycardia



Bradyarrhythmias, sick sinus syndrome



Aortic stenosis



Tetralogy of Fallot



Pericardial tamponade



Cardiac tumors



Complications of infective endocarditis



Hypertrophic cardiomyopathy (arrhythmia or obstruction)



Myocardial ischemia



Atherosclerosis



Prinzmetal angina



Kawasaki arteritis










Ischemic heart disease is present in at least 80% of patients who die suddenly of a cardiac cause, and as many as 75% of these patients have a prior history of a MI (Table 10-4). In the remainder, SCD is their first manifestation of ischemic heart disease. Nonetheless, only 20% of patients resuscitated from an episode of SCD have evidence of having had an acute transmural MI at the time of the event. This circumstance is of prognostic importance; survivors of SCD that occurred in the setting of an acute MI have a recurrence rate of less than 5% in the following year, compared with a 30% recurrence rate in survivors in whom SCD occurred in the absence of an acute infarction.


Table 10-4 Predictors of Sudden Cardiac Death after Myocardial Infarction






	


Decreased left ventricular ejection fraction



Residual ischemia



Complex ventricular ectopy (nonsustained ventricular tachycardia) on ambulatory ECG monitoring



Late potentials on signal-averaged ECG



Decreased heart rate variability



Prolonged QT on ECG



Induction of sustained monomorphic ventricular tachycardia with programmed electrical stimulation










ECG, electrocardiogram.


The only effective treatment of an acute episode of SCD is immediate circulatory support with cardiopulmonary resuscitation and establishment of an effective cardiac rhythm with electrical defibrillation. Once a stable rhythm has been restored, intravenous anti-arrhythmic therapy, usually with amiodarone, should be instituted for the first 24 hours while determination of the precipitating cause is made. That VT or VF was the mechanism of SCD cannot be assumed, unless these rhythms were documented at the time of arrest. A thorough search for other possible causes is mandatory. In SCD survivors, a full cardiac evaluation should be performed to define cardiac function, identify the presence of reversible heart disease, and assess the risk for recurrent arrhythmias. Echocardiography can identify possible structural cardiac causes of SCD (e.g., aortic stenosis, hypertrophic cardiomyopathy) and allows assessment of left ventricular function. This identification is important prognostically; patients with depressed ventricular function have a higher likelihood of recurrent SCD, a poorer response to anti-arrhythmic drug therapy, and a higher mortality rate than do those with normal ventricular function. Ambulatory ECG monitoring and stress testing are useful in documenting the frequency and severity of recurrent ventricular arrhythmias and in assessing for residual ischemia.


Patients in whom acute MI precipitates SCD do not require anti-arrhythmic therapy. Cardiac catheterization and revascularization should be performed if possible. In SCD survivors in whom the event occurred in the absence of an acute MI, and in patients with recurrent ventricular tachyarrhythmias, the implantation of an ICD has been the mainstay of treatment.









Management of Cardiac Arrhythmias


When initiating treatment of an arrhythmia, several clinical factors should be considered, including the nature of the specific arrhythmia, the setting in which the arrhythmia occurred, the consequences of the arrhythmia, and the potential risks of therapy. Certain arrhythmias (e.g., VT) can cause hemodynamic instability or SCD and warrant aggressive treatment to prevent recurrences. Other arrhythmias are hemodynamically stable but produce intolerable symptoms (e.g., palpitations, dizziness) and should be similarly suppressed. Certain arrhythmias may not be a problem acutely but warrant treatment to prevent long-term complications (e.g., stroke prevention in AF). The situation in which an arrhythmia occurs may dictate the need for therapy. For example, VF occurring in the setting of an acute MI is unlikely to recur if the underlying ischemic process is treated and warrants no specific therapy for the arrhythmia itself. Conversely, VF occurring in the absence of acute ischemia is likely to recur and requires aggressive therapy. Arrhythmias that are tolerated well and require no therapy in patients with structurally normal hearts may not be tolerated at all in patients with depressed left ventricular systolic function or valvular heart disease and may require aggressive therapy in these settings. Some arrhythmias are secondary to an underlying disease process. Metabolic abnormalities (e.g., hypokalemia, hypomagnesemia, hypoxia, hyperthyroidism) and acute illness (e.g., congestive heart failure, sepsis, anemia) may precipitate arrhythmias, as may emotional upset, certain foods or beverages (e.g., caffeine-containing products, alcohol), and both prescription (e.g., digoxin, theophylline, anti-arrhythmic agents) and nonprescription (e.g., decongestants, certain antibiotics, cocaine) drugs. Although treatment of arrhythmias associated with these factors may be warranted acutely, long-term therapy is not required, provided that the inciting factor is removed or controlled.


Asymptomatic arrhythmias are difficult clinical problems. Ventricular premature contractions and nonsustained VT may be markers of underlying heart disease and, although benign themselves, may progress to more malignant arrhythmias. Treatment with anti-arrhythmic medications in these instances has not been shown to decrease mortality, and, in fact, some agents are associated with increased mortality because of their pro-arrhythmic side effects. The presence of symptoms is clearly important in deciding whether to treat an arrhythmia. In patients who are asymptomatic, the risks of the arrhythmia must be compared with the risks of therapy before instituting an anti-arrhythmic agent.









Pharmacologic Therapy


Anti-arrhythmic medications work by interfering with various aspects of myocardial depolarization or repolarization and can be classified based on their particular mechanism of action. The most frequently used classification system is the Vaughn Williams classification, which categorizes these drugs based on their in vitro EP effects on normal Purkinje fibers (Table 10-5). This classification is a helpful construct; however, several limitations to its interpretation and use exist. First, whether the in vivo effects of a drug in a specific class are the same as those seen in vitro is unclear. Second, a given drug may have properties of more than one class. Third, drugs in the same class may differ somewhat in their modes of action, side-effect profile, and clinical effectiveness for treating a given arrhythmia. Nonetheless, the classification remains a useful communication tool.


Table 10-5 Vaughn Williams Classification of Anti-arrhythmic Drugs






	Class

	Physiologic Effect*


	Examples






	I

	Blocks sodium channels; predominantly reduces the maximum velocity of the upstroke of the action potential (phase 0)

	—






	IA

	Intermediate potency blockade

	Quinidine, procainamide, disopyramide






	IB

	Least potent blockade

	Lidocaine, tocainide, mexiletine, phenytoin






	IC

	Most potent blockade

	Flecainide, propafenone, moricizine






	II

	β-Adrenergic receptor blockade

	Propranolol, metoprolol, atenolol






	III

	Potassium channel blockade: predominantly prolongs action potential duration

	Amiodarone, sotalol, bretylium, ibutilide, dofetilide






	IV

	Calcium channel blockade

	Verapamil, diltiazem







* Several agents have physiologic effects characteristic of more than one class.


Several general points are worth noting in the management with anti-arrhythmic agents. Many drugs are given as a standard dose, whereas others are titrated, depending on clinical effect. Therapeutic blood levels of many drugs have been established; however, the absolute concentration of the agent in the patient’s blood is a much less useful guide to therapy than is the clinical effectiveness of the drug and the presence or absence of side effects. The therapeutic-to-toxic ratio of most anti-arrhythmic agents is small such that, at therapeutically effective doses, toxic side effects are common. Knowledge of the metabolism of these agents is important. Either the kidney or the liver metabolizes most anti-arrhythmic drugs (Table 10-6), and doses must be decreased in patients with renal or hepatic dysfunction to avoid toxicity. Many of these agents have negative inotropic effects, and, even at nontoxic levels, noncardiac side effects are common. These drugs frequently interact with other medications and may interfere with nonpharmacologic modes of therapy. For example, quinidine and amiodarone increase the serum digoxin level and augment the anticoagulant effect of warfarin. Flecainide and propafenone increase the amount of energy required for an artificial pacemaker to pace the heart effectively (pacing threshold), whereas amiodarone increases the amount of energy required to defibrillate the heart effectively (defibrillation threshold). For this reason, artificial pacemakers and ICDs need to be checked after instituting anti-arrhythmic agents.




Table 10-6 Select Characteristics of Anti-arrhythmic Drugs
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Table 10-6 and Table 10-7 summarize the important characteristics of the most commonly used anti-arrhythmic agents. An in-depth discussion of each agent is beyond the scope of this chapter; however, several points warrant specific mention.


Table 10-7 Common Side Effects of Select Anti-arrhythmic Drugs






	Drug

	Major Side Effects






	Quinidine

	Nausea, diarrhea, abdominal cramping






	 

	Cinchonism: decreased hearing, tinnitus, blurred vision, delirium






	 

	Rash, thrombocytopenia, hemolytic anemia






	 

	Hypotension, torsades de pointes, quinidine syncope






	Procainamide

	Drug-induced lupus syndrome






	 

	Nausea, vomiting






	 

	Rash, fever, hypotension, psychosis, agranulocytosis






	 

	Torsades de pointes






	Disopyramide

	Anticholinergic: dry mouth, blurred vision, constipation, urinary retention, closed-angle glaucoma






	 

	Hypotension, worsening heart failure






	Lidocaine

	CNS: dizziness, peri-oral numbness, paresthesias, altered consciousness, coma, seizures






	Mexiletine

	Nausea, vomiting






	 

	CNS: dizziness, tremor, paresthesias, ataxia, confusion






	Flecainide

	CNS: blurred vision, headache, ataxia






	 

	Congestive heart failure, ventricular pro-arrhythmia






	Propafenone

	Nausea, vomiting, constipation, metallic taste to food






	 

	Dizziness, headache, exacerbation of asthma, ventricular pro-arrhythmia






	Moricizine

	Nausea, dizziness, headache






	β Blockers

	Bronchospasm, bradycardia, fatigue, depression, impotence






	 

	Congestive heart failure






	Calcium channel blockers

	Congestive heart failure, bradycardia, heart block, constipation






	Amiodarone

	Agranulocytosis, pulmonary fibrosis, hepatopathy, hyperthyroidism or hypothyroidism, corneal micro-deposits, bluish discoloration of the skin, nausea, constipation, bradycardia






	Sotalol

	Same as β blockers, torsades de pointes






	Bretylium

	Orthostatic hypotension






	 

	Transient hypertension, tachycardia, and worsening of arrhythmia (initial catecholamine release)






	Ibutilide

	Torsades de pointes






	Dofetilide

	Torsades de pointes, headache, dizziness, diarrhea







CNS, central nervous system.






CLASS I ANTIARRHYTHMIC AGENTS


Class IA agents block sodium channels to a moderate degree and are useful for the long-term oral treatment of both supraventricular and ventricular arrhythmias. Procainamide is also available in an intravenous preparation and is useful for the acute management of these arrhythmias. These agents prolong the conduction time and the ERP of most cardiac tissues, including accessory pathways, and may be effective therapy for patients with AVNRT or AVRT. Because these agents slow the spontaneous sinoatrial rate and can enhance conduction through the AV node through vagolytic effects, they can induce more rapid ventricular rates in patients with AF and AFL. Therefore, care must be taken to ensure that the ventricular rate is controlled with a β blocker, calcium channel blocker, or digoxin before instituting a class IA agent in patients with atrial arrhythmias. Owing to its α-adrenergic blocking effects, quinidine may cause significant hypotension and may also produce syncope in 0.5% to 2% of patients as a result of QT prolongation and subsequent polymorphic VT. This pro-arrhythmic effect may also be seen with the other agents in this class. Between 60% and 70% of patients who receive procainamide develop antinuclear antibodies (specifically antihistone antibodies), whereas a clinical lupus-like syndrome occurs in only 20% to 30%; this rate is reversible on stopping the drug. Disopyramide has significant negative inotropic effects and should be used with extreme caution (if at all) in patients with left ventricular dysfunction.


Class IB agents are weak sodium channel blockers. They are useful for treating ventricular tachyarrhythmias, but, because they have minimal effects on the sinus or AV nodes, they are not effective for supraventricular arrhythmias. Lidocaine is the most clinically useful drug in this class and is the initial intravenous drug of choice in patients with ventricular tachyarrhythmias. Lidocaine appears particularly effective in ischemia-related arrhythmias; however, its prophylactic use during an acute infarction is not indicated and may increase mortality. Phenytoin is a potent anti-epileptic that also has class IB anti-arrhythmic properties. It is particularly effective in treating atrial and ventricular arrhythmias caused by digoxin toxicity. These agents have relatively little effect on hemodynamics, and clinically important pro-arrhythmia is rare.


Class IC agents are potent blockers of sodium channels. They are effective therapy for both ventricular and supraventricular arrhythmias; however, the use of flecainide and moricizine to treat asymptomatic ventricular arrhythmias after MI has been proved to increase mortality, especially in patients with left ventricular dysfunction. Flecainide remains an effective and relatively safe therapy for supraventricular arrhythmias (especially paroxysmal AF) in patients with structurally normal hearts. Propafenone is similar to flecainide but with β-blocking effects and therefore may exacerbate bradycardia, heart block, heart failure, and bronchospasm. Both drugs can convert AF to AFL (class IC AFL), which usually conducts at faster rates. Therefore, similar to class IA agents, class IC agents should only be used after the initiation of an AV-nodal agent (β blockers, calcium channel blockers, digoxin) when treating patients with atrial arrhythmias.









CLASS II AND IV ANTIARRHYTHMIC AGENTS


The β blockers and nondihydropyridine calcium channel blockers constitute class II and class IV anti-arrhythmic agents, respectively. The anti-arrhythmic effectiveness of these drugs relates mainly to their ability to slow the rate of the sinus node and decrease conduction through the AV node. They are effective for controlling the rate of AF and AFL, although they are not effective for converting these arrhythmias to normal sinus rhythm. Intravenous administration of these agents may acutely terminate some supraventricular tachyarrhythmias, especially reentrant rhythms that use the AV node as one limb of the reentrant circuit (i.e., AVNRT, AVRT). By virtue of their ability to slow conduction in the AV node selectively, these agents may facilitate conduction down a bypass tract and are contraindicated in patients with WPW syndrome and atrial tachyarrhythmias. These agents also have a negative inotropic effect and thus must be used with caution in patients with left ventricular dysfunction or overt heart failure.









CLASS III ANTIARRHYTHMIC AGENTS






Amiodarone


Amiodarone is mainly a class III agent but has physiologic effects of all four classes. Similar to other class III anti-arrhythmic drugs, it prolongs the action potential duration. It is an effective therapy for a wide range of both supraventricular and ventricular arrhythmias and is safe to use in patients with left ventricular dysfunction. Amiodarone is the drug of choice for the treatment of AF in patients with heart failure and may decrease arrhythmic death after MI and in patients with nonischemic cardiomyopathy. It is more effective than other antiarrhythmic agents in preventing recurrences of VT or VF and is the drug of choice for treating these arrhythmias in the setting of cardiac arrest. In addition, amiodarone may be administered intravenously for the acute treatment of refractory ventricular tachyarrhythmias. Its use has been somewhat limited by the fear of significant side effects; however, with maintenance doses of less than 300 mg/day, adverse effects are less common.






Drug Interactions


Before using amiodarone, it is important to make sure the patient is not taking other medicines that may interact with this drug. The effect of warfarin is increased with amiodarone, necessitating a reduction in the dosage. Similarly, the side effects of β blockers and calcium channel blockers are increased, often leading to bradycardia and AV block. The concomitant use of most antiarrhythmic agents is prohibited because of the risk for serious side effects, including malignant ventricular arrhythmias and bradycardia. Amiodarone stays in the body for weeks or months after drug discontinuation. Therefore, drug interactions should be monitored even after stopping the medication for at least few weeks.
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‘Angina without
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ECG.
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ST-segment depression
during angina
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Transient STaegment
‘levation during pain

Often with associated
AV block or
ventricular

arrhythmias

Abnormality

270% Luminal
narrowing of one
o more coronary
arteries from
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Plague rupture with
platelet and i
thrombus, causing
worsening coronary.
obstruction

Coronary artery spasm

Medical Therapy
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Antiischemic medications
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‘Antiischemic medications
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Drug Class
Nitroglycerin

fradrenergic
blocking agents

Calcium channel
blocking agents

Calcium channel
blocking agents

Late sodium current
blocking agents

Examples
sublingual
Topical
Intravenous
oral

Metoprolol
Atenolol

Propranolol

Nadolol

Phenylalkylamine
(veraparni)

Benzothiazepine.
(diltiazem)

amlodipine)

Ranolszine.

Anti-angin:
Effect
Decreased preload
and afterload
Coronary vasodilation
Increased collateral
blood flow.
Decreased heart rate
Decreased blood
presure
Decreased
contractity

Decreased heart rate

Decreased blood
pressure
Decreased
ontractiity
Coronary vasodilation
Decreased blood
pressure
Coronary vasodil

Inhibits cardiac late
n

prevents calcium
overload

Physiologic
Side Effects

Headache
Flushing
Orthostasis

Bradycardia
Hypotension

onchospasm

Depression
adycardia

Hypotension

Constipation with verapamil

Hypotension, reflex
tachycardia

Peripheral edema
Dizziness

Headache

Constipation
Nausea

Comments

Tolerance develops with

May worsen heart falure
‘and AV conduction block;
‘avoid in vasospastic
angina

May worsen heart falure
and AV conduction

Short-acting nifedipine
‘sssociated with increased
for cardiovascular
events
No effects on blood
pressure or heart rate

Modest QT prolongation

T —p—
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Drug
Quinidine

Procainamide.

Disopyramide

Uidocaine

Mexiltine

Fiecainide

Propafenone

Moridzine

Amiodarone

sotalol

Bretylium

butide

Dofetilde

Effect on
Surface ECG

Prolongs QRS
and QT

Protongs
aRaand ar

Proongs QRS
andQr

Shortens QT

Shortens QT

Prolongs PR
and QRS
Proongs PR
and QRS

Prolongs PR
‘and QRS

Prolongs PR
and QT
Slows sinus
rate

prolongs PR
and QT
Slows sinus
rate

Prolongs PR
and QT

Prolongs PR
and QT

Prolongs QT

Effect on LV
Function

Negative
Tnotropic
effect

Negative
Tnotrope

Negative
notrope

None.

None.

Negative
Inotrope

Negative
notrope

Negative
Tnotrope.

None

Negative
Inotrope.

None.
None.

None.

Important Drug

Interactions.

Increases cligoxin level and
Warfarin effect

metldine Increases quinidine
Tevel

Phenobarbital, phenytoin, and
Tifampin decrease quinidine
level

Cimetidine, akohol, and
‘miodarone ncréase
procainamide level

Phenobarbital, phenytoin, and
fifampin all decrease
disopyramide level

Propranolo), metoprolol, and
‘lmetidine ail ncrease
idocaine level

Increases theophylline level

Phenobarbital, phenytoin, and
ifampin al decrease
meietine evel

Increases cligoxin level

Increases ligoxi, theaphyline,
and cydosporine evels:
Increases warfarin effect

Phenobarbital, phenytoin, and
ifampin decrease
propafenone level

Gmetdine and quinidine
increase propatenon ievel

Decreases theophyine level

Cimetidine Increases moridzine
Tevel

Increases cligoxin and
yclosporine levels; Increases
Warfarin effect

Additve effects with other
B blockers

Verapamil, ditiazem, cimetidine,
‘and ketoconazole all Increase
dofetiide level

Effect on Pacing
and Defibrillation
Thresholds.

Increases PT and DT
at high doses

Increases PT at high
Goses

Increases PT at high
‘doses

Increases O

Vartable effects

Increases PT,variable
effect on DT

Increases PT,variable
effect on DT

Increases DT

Decreases DT

Decreases OT

Decreases DT

Major Route
of Elimination
Liver and Kidney

Liver and Kidney

Liver and kidney

Lver

Lver

Liver and Kidney

Lver

Lver

Lver

Kidney.

Kidney.
Lver

Lver and Kidney

T, defibriation threshord; £€G, o

rocardiogram: WV,

A ventrice P, pacing threshold
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Normal

Hyperkalemia

Hypokalemia

Hypercalcemia

Hypocalcemia

Hypothermia

Digitalis

Quinidine
Procainamide
Disopyramide
Phenothiazines
Tricyclic antidepressants

CNS insult
(.9, intracerebral
hemorrhage)

Mild to moderate
(K =57 mEqlL)
Tall, symmetrically peaked T
waves with a narrow base
More severe (K = 8-11 mEq/L):
QRS widens, PR segment
prolongs, P wave disappears;
ECG resembles a sine wave in
severe cases
ST depression
T-wave flatiening
Large positive U wave, GT
prolongation due to U wave
Shortened QT interval due to.a
shortened ST segment
Prolonged QT jnterval due to a
prolonged ST segment; T-wave
duration normal
Osborne or J waves: J-point
elevation with a characteristic
elevation of the early ST
segment. Siow thythm, baseline
artifact due to shivering often
presen.
ST depression
T-wave flattening or inversion
Shortened QT interval,increased U-
wave amplftude
Prolonged QT interval, mainly due
1o prolonged T-wave duration
wilh flatening or inversion
QRS prolongation
Increased U-wave amplitude
Diffuse, wide, decply inverted T
‘waves with prolonged QT

Aduyres
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